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2Abstract
In this thesis we investigate several topics in neutrino physics, with an em-
phasis on the phenomenology of the sterile neutrinos. We study the existence
of a light sterile neutrino within the so called 3 + 1 scenario using the data of
the medium baseline reactor experiments. We will also probe the parameters
of the Large Extra Dimension model with the high energy atmospheric data of
the IceCube experiment, and will find an equivalence between the Kaluza Klein
modes and the sterile neutrinos. We will study the secret interaction of the ster-
ile neutrinos which is proposed to solve the tension between cosmology and the
sterile neutrino hypothesis. In addition to these, we will show that a minimal 2-
Higgs-Doublet-Model extended with a U(1) or Z2 symmetry cannot explain the
smallness of the neutrino masses.
Keywords: neutrino physics, neutrino oscillation, sterile neutrino, large ex-
tra dimension, secret interaction, 2-Higgs-Doublet-Model, smallness of neutrino
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Introduction
Neutrinos are the lightest particles known in the universe with non-zero mass. The
upper limit on the mass of the heaviest neutrino is less than 4 million times lighter
than the mass of electrons. They are electrically-neutral particles; however, are
affected by the weak force. Neutrinos are the second most abundant particle in
the universe.
The energy of neutrinos vary from 10−4 eV (neutrinos originating from the Big
Bang) to EeV scale (with the possible extra-galactic sources). The dependence of
the cross section of neutrinos to their energy as well as their sources is shown in
Fig. 1. Although there are many different sources of neutrinos, some of them are
not accessible by today’s neutrino detectors. The big bang neutrinos (sometimes
known as the relic neutrinos) have extremely low cross section and cannot be
detected directly. On the other hand, since neutrinos only participate in the
weak force, they need giant detectors for their observation. The biggest available
neutrino detector is the IceCube experiment in Antarctica, with a volume of
1 km3, which is able to detect neutrinos in GeV-EeV range of energy.
Three distinct types of neutrinos have been discovered, which are named after
their Charged Current (CC) partners: the electron (e)-, muon (µ)- and tau (τ)-
neutrinos. The most precise measurement on the number of light neutrinos (the
active neutrinos in the SM) comes from the studies of Z production in e−e+
collisions, specially in the LEP experiment. By calculating the invisible width
of the Z boson, in which they subtract the visible partial widths of the Z decay
17
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Figure 1: Various sources of neutrinos as a function of energy. Plot taken from
[1].
(corresponding to the decay into quarks and charged leptons) from the total Z
decay, and assuming that all the invisible width is due to the light neutrinos,
they have found that the number of light neutrinos with mass below mZ/2 is
Nν = 2.984± 0.008 ' 3 [3].
Plenty of neutrino experiments performed in the last two decades have con-
firmed that the three types of neutrinos in the SM are massive particles, and
their mass eigenstates (ν1, ν2, ν3) do not coincide with their flavor eigenstates
(νe, νµ, ντ ), which enter into the charged current interactions. These experiments
have shown that neutrinos change there flavor after they propagate in a finite
distance. This change depends on the energy of neutrinos Eν , and the baseline
of propagation L. The only possible explanation of all the data collected from
neutrino experiments is that neutrinos have distinct masses, and they mix.
The mixing and flavor oscillation phenomena of neutrinos can be described by
19
the mass-squared differences ∆m2ij ≡ m2i −m2j (where mi is the mass of νi state),
and the elements of the so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
unitary mixing matrix, which is parametrized by 3 mixing angles (θ12, θ23, θ13)
and 1 CP-violating phase δ. The experimental values of these parameters and
the details of neutrino oscillation will be presented in Chapter 1.
A lot of neutrino properties can be explained through the current rich data of
neutrino experiments, yet there are still some un-answered questions in neutrino
sector of the SM:
• How many neutrino species do we have? Are there any sterile neutrinos?
Although most of the data collected from the neutrino oscillation experi-
ments are in agreement with 3-neutrino hypothesis, there exists some anoma-
lies which cannot be explained in this paradigm. The existence of a sterile
neutrino state was motivated by the LSND [4], MiniBooNE [5] and reac-
tor anomalies [6]. The most popular way to clarify these anomalies is to
assume that there exists 1 (or more) neutrino state which does not have
any interaction in the SM (therefore is sterile), but can mix with the active
neutrinos and change their oscillation behavior pattern. In order to ex-
plain these anomalies, there must be at least one heavier mass eigenstate,
with a mass ∼ 1 eV, the so-called 3 + 1 model. Plenty of experiments
have been designed to check this scenario (see [7] and references therein;
see also [8, 9, 10]), yet the data collected to date, present an incomplete
picture of sterile neutrinos, some in favor and some against sterile hypoth-
esis. Clarifying the existence/absence of the sterile neutrinos is one of the
biggest questions in the neutrino physics, also the main emphasis of this
thesis.
• What is the scale of neutrino masses? Why are neutrinos so light?
20
Figure 2: Neutrino masses compared to the masses of other fermions. Plot taken
from [15].
From the neutrino oscillation experiments we know that neutrinos are mas-
sive, and their mass and flavor eigenstates do not coincide; while from cos-
mological [120, 12] and terrestrial [118, 119] experiments, we know that the
masses of neutrinos should be below the eV scale (See Fig. 2) (The bounds
from cosmology on the sum of neutrinos will be presented in Section 1.4.). It
means that if the same Higgs mechanism which is responsible for the masses
of other fermions is also responsible for the masses of neutrinos, the Yukawa
couplings of neutrinos have to be up to 6 orders of magnitude smaller than
the one for electron, which produces a non-pleasant hierarchy between the
Yukawa couplings. The so-called seesaw mechanism is an alternative which
clarifies the masses of neutrinos [16]. Also, the large extra dimension (LED)
model, which is primarily motivated as a solution to the hierarchy problem
of Higgs, can explain the smallness of neutrino masses [17, 18]. Within the
next few years the KATRIN experiment [19] will investigate the beta decay
of Tritium to study the absolute neutrino masses.
• What is the hierarchy of neutrino masses? Or in other words, is m1, the
mass of the mostly νe state, smaller than m3, the mass of the mostly ντ
state (”Normal Hierarchy”, ∆m231 > 0), or bigger than that (”Inverted
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Hierarchy”, ∆m231 < 0) (see Fig. 3)?
Roughly speaking, most of the information we have about θ23 and ∆m
2
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comes from the atmospheric neutrino experiments (mainly MINOS [56]).
In these experiments, the matter effects on neutrino oscillation is negligible
(due to the baseline of experiment), and the main oscillation probability
they measure is the survival probability of muon neutrinos:
P (νµ → νµ) = 1− sin2 2θ23 sin2
(∆m231L
4E
)
+ subleading terms. (1)
As can be seen, this oscillation probability is not sensitive to the sign of
∆m231. Therefore, these experiments are blind to the order of 1− 3 masses.
However, the presence of matter effects modify the calculations, and hence
the oscillation probability is different for normal and inverted hierarchies1.
The IceCube experiment detects the atmospheric neutrinos coming from the
Figure 3: Neutrino mass hierarchies.
north pole passing through the earth. Therefore, the matter effects cannot
1The details of neutrino oscillation in matter will be explained in the Chapter 3.
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be neglected in this experiment, and the mass hierarchy can be determined
using the data of the atmospheric neutrinos in PINGU (”Precision IceCube
Next Generation Upgrade”). The data taking of this experiment is expected
to start in 2017, and the mass hierarchy would be known by 2020, by up to
3σ C.L. [22].
• Is there CP -violation in the neutrino sector? If yes, what is the value of
the CP -violating phase?
Leptonic CP -violation might be the reason why we see asymmetry between
matter and anti-matter in the universe (Leptogenesis). CP -violation in
neutrinos means the oscillation probability for neutrinos and anti-neutrinos
would be different. This asymmetry arises if the transition probability of
neutrinos is different with the antineutrinos:
ACP = P (να → νβ)− P (ν¯α → ν¯β). (2)
As it will be explained in Chapter 1, in the case α = β, the survival proba-
bility of neutrinos and antineutrinos become equal. Therefore, this asymme-
try can be only measured in the appearance experiments, in which α 6= β,
such as in the T2K experiment [23], where they measure the transition
oscillation of muon neutrinos to electron neutrinos. The future large under-
ground detectors are supposed to determine this asymmetry, in addition to
the neutrino mass hierarchy. These experiments measure the asymmetry by
comparing the events of neutrinos and anti-neutrinos (direct measurement
of CP -violation).
• Is neutrino its own antiparticle? Are neutrinos Dirac or Majorana?
If neutrinos are Majorana particles, then double beta decay can proceed
without emission of any neutrino. Thus observing a neutrinoless double beta
decay (”0νββ”) process is a proof that neutrinos are their own antiparticles,
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and hence Majorana. Also, observing such ”0νββ” process means that the
lepton number is not conserved anymore. The decay rate of the ”0νββ”
process is proportional to the absolute neutrino masses. Therefore, observ-
ing such process not only solves the Dirac vs Majorana mystery, but also
gives information about neutrino masses.
The main goal of this thesis is investigating the phenomenology of sterile
neutrinos. To do this, we have used the data of various neutrino oscillation
experiments to probe different sterile models and find constraints on the related
parameters. The thesis is organized as follows: In Chapter 1, we will present a
brief review on the properties of the standard 3-neutrino model as well as the
sterile neutrino hypothesis.
In Chapter 2, we will analyze the data of the medium baseline reactor ex-
periments, Double Chooz, Daya Bay and RENO, in the search of light-sterile
neutrinos and also test the robustness of θ13 determination in the presence of
sterile neutrinos. We will show that the existence of a light sterile neutrino state
improves the fit to these data moderately.
In Chapter 3, we will study the phenomenological consequences of the Large
Extra Dimension (LED) model for the high energy atmospheric neutrinos. For
this purpose we will construct a detailed equivalence between a model with a large
extra dimension and a (3 + n) scenario consisting of 3 active and n extra sterile
neutrino states, which provides a clear intuitive understanding of the Kaluza-
Klein modes. Then, we will analyze the collected data of high energy atmospheric
neutrinos by the IceCube experiment to obtain the bounds on the radius of the
extra dimension.
In Chapter 4, we will investigate the possibility of the sterile neutrino state
interacting with a new gauge boson X, with mass ∼ MeV. This new interaction
of the sterile neutrinos (the hidden interaction) produces neutral current matter
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potential for the sterile states, and hence changes the oscillation probability of
neutrinos drastically. We will explain how the oscillation of neutrinos will be af-
fected in this model. Then we will use the current data of the MINOS experiment
to perform an analysis on the hidden interaction and will find the best fit values
of the parameters. Finally, we will constrain the mass of the light gauge boson
using the data of the MINOS neutrino experiment.
In addition to the phenomenology of the sterile neutrinos, in this thesis we
will explain the smallness of neutrino masses via neutrinophilic 2 Higgs Doublet
Models (2HDMs). To do this, in Chapter 5 we will study the phenomenology of
neutrinophilic 2HDMs. The extra Higgs, via its very small vacuum expectation
value, is the sole responsible for the smallness of neutrino masses. We will show
that these models accompanied with an extra Z2 or a softly broken U(1) sym-
metry are either strongly disfavored by the electroweak precision data or very
constrained.
We will summarize our work in this thesis in the last Chapter.
Chapter 1
The Framework of Neutrino
Oscillations
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Cosmic Gall
Neutrinos they are very small.
They have no charge and have no mass
And do not interact at all.
The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,
And, scorning barriers of class,
Infiltrate you and me! Like tall
And painless guillotines, they fall
Down through our heads into the grass.
At night, they enter at Nepal
And pierce the lover and his lass
From underneath the bed–you call
It wonderful; I call it crass.
John Updike
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In this Chapter, we will provide a mini-review on the framework of neutrino
oscillations. We will first introduce the standard picture of 3-neutrinos in Section
1.1. Then in Section 1.2, we will present the experimental anomalies which led
to the hypothesis of the sterile neutrinos, and explain the framework of the so-
called 3 + 1 scenario. The neutrino experiments and neutrinos in cosmology will
be briefed in Sections 1.3 and 1.4, respectively.
1.1 The Standard Picture of Neutrinos
1.1.1 The Neutrino Lagrangian
The phenomenological properties of neutrino interactions and oscillations is con-
tained in the following Lagrangian:
L =
∑
α=e,µ,τ
iν¯αL /∂ν
α
L (neutrino Kinetic term)
− g
2
√
2
∑
α=e,µ,τ
ν¯αLγ
ρ(1− γ5)lαWρ + h.c. (Charged Current interaction)
− g
4 cos θw
∑
α=e,µ,τ
ν¯αLγ
ρ(1− γ5)ναLZρ (Neutral Current interaction)
−
∑
α=e,µ,τ
l¯αLM
llαR + h.c. (leptonic mass term)
−
∑
α=e,µ,τ
ν¯αRM
ν
Dν
α
L + h.c.. (Dirac mass term for neutrinos)
(1.1)
Here g is the weak coupling constant, θw is the Weinberg angle, W and Z are the
weak gauge boson fields, lα’s are the charged lepton fields (e, µ, τ), γ
i’s are the
Dirac matrices and M l is the leptonic Dirac mass term. Neutrinos are strictly
massless in the SM, since it does not contain right handed neutrinos νR. There-
fore, to build a Dirac mass term for neutrinos similar to the last term of Eq.
(1.1), we require not only the left handed field νL, but also the right handed field
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νR
1.
To diagonalize the mass matrices, we need to go from the weak basis to mass
eigenstates. To do this, we have to make the following changes:
lαL(R) =
3∑
j=1
(
V lL(R)
)α
j
ljL(R),
ναL(R) =
3∑
j=1
(
UνL(R)
)α
j
νjL(R), (1.2)
where V lL
†
M lV lR = diag
(
me,mµ,mτ
)
and UνL
†MνUνR = diag
(
m1,m2,m3
)
, in which
mα’s (α = e, µ, τ) are the masses of the charged leptons, while mi’s (i = 1, 2, 3)
are the masses of neutrinos in the mass basis. Please note that V lL(R) and U
ν
L(R) are
unitary matrices. From now on, the latin indices i, j, · · · = 1, 2, 3 · · · correspond
to the mass eigenstates, while the greek indices α, β, · · · = e, µ, τ, · · · correspond
to the flavor (weak) eigenstates.
The relation between the flavor and mass eigenstates of neutrinos is given by
the so-called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix which appears
in the Charged Current Lagrangian. This matrix is defined as
UPMNS ≡ UνLU lL†.
Therefore 
νe
νµ
ντ
 = UPMNS

ν1
ν2
ν3
 . (1.3)
Various parameterizations of the PMNS matrix exist. However, the oscillation
properties of neutrinos is independent of different parameterizations. The 3 × 3
PMNS matrix is most commonly parameterized by 3 mixing angles θ12, θ13 and
1For simplicity, we have only considered the Dirac mass terms for neutrinos, since it can be
shown that the oscillation phenomenology of Dirac and Majorana neutrinos are the same [24].
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θ23, and a CP -violating phase δ
2, in which the matrix can be written as:
UPMNS = R
23(θ23)R
13
δ (θ13, δ)R
12(θ12)
=

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 , (1.4)
where sij ≡ sin θij and cij ≡ cos θij. The matrix Rij(θij) (i, j = 1, 2, 3; i < j)
is the rotation matrix in the ij−plane. For an arbitrary dimension, the rotation
matrix Rijδ (θij, δ) includes the CP -violating phase, and it is obtained by changing
sij → sije−iδ and −sij → −sijeiδ in the rotation matrix, for non-successive i and
j indices.
The analysis of the solar and long baseline reactor neutrinos lead to the best-fit
values [25]
sin2 θ12 = 0.3,
∆m221 = 7.4× 10−5 eV2;
while the data from atmospheric and long baseline accelerator experiments result
in
sin2 θ23 = 0.4,
|∆m231| ≈ |∆m232| = 2.4× 10−3 eV2.
The last mixing angle has been measured recently with the new generation of
medium baseline reactor experiments, including Double Chooz [26], Daya Bay [27]
and RENO [28] experiments, with the best-fit value
sin2 θ13 = 0.023.
2An n × n unitary matrix has n2 independent parameters, n(n − 1)/2 of these are mixing
angles, while (n − 1)(n − 2)/2 are the number of physical phases. There are also 2n − 1 non-
physical phases which can be absorbed by appropriate rotations.
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Please note that from the solar experiments, the sign of the solar mass squared
difference is known (∆m221 > 0, therefore m2 > m1), while the atmospheric
neutrino experiments have not verified the sign of the atmospheric mass squared
difference ∆m231 yet, which is the source of hierarchy problem in neutrino masses.
1.1.2 Neutrino Oscillation in Vacuum
To obtain the evolution equation of neutrinos in vacuum, one has to solve the
following Schro¨dinger-like equation [29]:
i
d
dt
|νi〉 = H |νi〉 = Ei |νi〉 , (1.5)
whereH is the Hamiltonian, and Ei =
√
m2i + p
2 is the energy of neutrinos, which
since neutrinos are ultra relativistic particles, it can be written as Ei ∼ |~p|+ m
2
i
2|~p| .
Therefore,
|νi(t)〉 = e−iEit |νi〉 , (1.6)
where |νi〉 ≡ |νi(0)〉. By using Eq. (1.3), we can rewrite the evolution equation
in the flavour basis:
|να(t)〉 =
3∑
i=1
Uαie
−iEit |νi〉
=
∑
β=e,µ,τ
3∑
i=1
Uαie
−iEitU∗βi |νβ〉 , (1.7)
where U ≡ UPMNS. We can calculate the amplitude of the transition να → νβ as
a function of time t by
Aνα→νβ(t) ≡ 〈νβ | να(t)〉 =
3∑
i=1
UαiU
∗
βie
−iEit. (1.8)
Hence, the probability that a neutrino with flavor α oscillates to a neutrino with
flavor β after the time t is given by
Pνα→νβ(t) = |Aνα→νβ(t)|2 =
3∑
i,j=1
UαiU
∗
βiU
∗
αjUβje
−i(Ei−Ej)t. (1.9)
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Since neutrinos are ultra relativistic particles, we can approximate the power
of the exponential by (Ei − Ej)t '
(m2i−m2j
2E
)
t =
∆m2ijt
2E
, where we have assumed
the momentum of all neutrino states is the same, and |~p| ' E. The next step
is changing the t dependence to the distance, L dependence, as what we know
well is the distance between the source of neutrinos and where they are detected.
Again, as neutrinos are ultrarelativistic particles and their speed is very close
to the speed of light, we can simply assume t = L, and write the oscillation
probability as
Pνα→νβ(L) =
3∑
i,j=1
UαiU
∗
βiU
∗
αjUβje
−i∆m
2
ijL
2E . (1.10)
Finally, using the unitarity condition for the PMNS matrix U , we can write the
oscillation probability in a more convenient form:
Pνα→νβ(L) = δαβ − 4
3∑
i>j
<[UαiU∗βiU∗αjUβj] sin2 (∆m2ijL4E )
+ 2
3∑
i>j
=[UαiU∗βiU∗αjUβj] sin(∆m2ijL2E ). (1.11)
The same expression holds for anti-neutrinos if we change U → U∗.
It should be noted that for calculating the survival probability, in which α = β,
the amplitude UαiU
∗
αiU
∗
αjUαj = |Uαi|2|Uαj|2 is real, and therefore, the last term of
Eq. (1.11) vanishes, and we can write:
Pνα→να(L) = 1 − 4
∑
i>j
|Uαi|2|Uαj|2 sin2
(∆m2ijL
4E
)
. (1.12)
We can also define the useful parameter oscillation length, which is the distance
at which the oscillation given by ∆m2ij becomes 2pi, and is defined by
Loscij =
4piE
∆m2ij
.
The Case of 2 Neutrinos
In this part we consider the case of only 2 neutrino flavors, e.g. νe and νµ, which
in many cases is a very good approximation. Therefore, the oscillation would
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be described by the PMNS matrix, which now only has 1 mixing angle θ, and
includes no CP -violating phase:
U =
 cos θ sin θ
− sin θ cos θ
 , (1.13)
and 1 mass squared difference ∆m221 ≡ ∆m2. In this case the transition proba-
bility becomes
Pνα→νβ
∣∣∣
α 6=β
= sin2 2θ sin2
(∆m2L
4E
)
, (1.14)
while the survival probability is Pνα→να = 1− Pνα→νβ
∣∣∣
α 6=β
.
Figure 1.1: The transition probability for a 2-neutrino case.
In Fig. 1.1 we have shown the transition probability for a 2-neutrino case,
putting the amplitude of the oscillation equal to 1. As can be seen, for the
case ∆m2L/4E  pi (or L  Losc), the oscillation is suppressed, while for
∆m2L/4E  pi (or L  Losc), it averages out. The oscillation length defined
after Eq. (1.12) corresponds to the first dip in Fig. 1.1, where the argument in
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the sine function in Eq. (1.14) is equal to pi. This is the sensitivity of the neutrino
oscillation experiments. Therefore, the energy range of the experiment or the lo-
cation of the detectors is determined depending on the parameters an experiment
plans to measure. For example, for measuring the atmospheric mass squared dif-
ference ∆m231 = 0.0024 eV
2 in reactor experiments, which their energy range is
around ∼ a few MeV, the detectors have to be almost 1 km far from the reactors
to be sensitive to the oscillation. Hence, in this range of energy and baseline, the
oscillation induced by the solar mass squared difference ∆m221 = 7.4 × 10−5 eV2
can be ignored. In general, the oscillation length for the mass squared difference
31 is ∼ 1 km and for the mass squared difference 21 is ∼ 30 km.
1.1.3 Neutrino Oscillation in Matter
Figure 1.2: Coherent CC and NC forward scattering of neutrinos.
When neutrinos pass through matter, their evolution equation would be mod-
ified by the coherent scattering from particles they collide along their way. This
coherent scattering results in an effective potential which is due to the charged
current (CC) and neutral current (NC) interaction of neutrinos with matter. The
electron neutrinos scatter from the electrons in the medium and experience the
CC potential VCC , through the exchange of W
±, while all the active neutrinos,
νe, νµ and ντ can experience the NC potential VNC , due to the exchange of the Z
boson with e−, p and n in the medium. These potentials are position dependent,
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and are given by [29]:
VCC(r) =
√
2GFNe(r), (1.15)
VNC(r) = −
√
2
2
GFNn(r), (1.16)
in which GF is the Fermi constant, while Ne(r) and Nn(r) are the electron and
neutron number densities of the earth, respectively. For all practical reasons we
assume that Ne(r) and Nn(r) are the same in our calculations.
To calculate the evolution of neutrinos in the presence of matter one has to
solve the following Schro¨dinger-like equation:
i
d
dr
να =
[ 1
2Eν
UM2U † + V (r)
]
αβ
νβ, (1.17)
where M2 = diag
(
m21,m
2
2,m
2
3
)
is the mass squared matrix, U is the 3× 3 PMNS
matrix and Eν is the energy of neutrinos. The matrix V (r) is the matter potential
as a function of the distance:
V (r) =

VCC(r) + VNC(r) 0 0
0 VNC(r) 0
0 0 VNC(r)
 . (1.18)
The same equations hold for anti-neutrinos after we change V (r)→ −V (r).
The MSW Effect
In principle, Eq. (1.17) is a distance dependent Schro¨dinger equation, and one can
only solve it numerically. However, for the case of constant density we can solve
the equations analytically. For simplicity we will consider the 2-neutrino case (See
Section 1.1.2). We assume the mixing between νe and νµ with ν1 and ν2
3. In
this case the PMNS matrix is the same as Eq. (1.13). After subtracting from the
mass squared and the potential matrices the constants m21×I and (VNC + VCC2 )×I,
3The case of νe and ντ is similar, since the potential of ντ is the same as νµ.
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respectively, we can write the effective Hamiltonian in matter for the 2-neutrino
case as [29]:
HM = 1
2Eν
 cos θ sin θ
− sin θ cos θ
0 0
0 ∆m2
cos θ − sin θ
sin θ cos θ
+
VCC/2 0
0 −VCC/2

=
1
4Eν
−∆m2 cos 2θ + ACC ∆m2 sin 2θ
∆m2 sin 2θ ∆m2 cos 2θ − ACC
 , (1.19)
where ∆m2 ≡ m22−m21 and ACC = 2EνVCC. The Hamiltonian can be diagonalized
using a 2× 2 rotation matrix UM with angle θM , as UMTHMUM = HdiagM , where
HdiagM = 14Eν diag
(−∆m2M,∆m2M). The effective mass squared difference ∆m2M is
given by
∆m2M =
√(
∆m2 cos 2θ − ACC
)2
+
(
∆m2 sin 2θ
)2
, (1.20)
and the effective mixing angle θM is
tan 2θM =
tan 2θ
1− ACC
∆m2 cos 2θ
. (1.21)
Therefore, the transition probability of νe → νµ becomes
Pνe→νµ = sin
2 2θM sin
2
(∆m2ML
4E
)
. (1.22)
An interesting phenomenon which was discovered by Mikhaev, Smirnov and
Wolfenstein in 1985, is that when the first term in (1.20) becomes 0, a resonance
happens:
ARCC = ∆m
2 cos 2θ. (1.23)
At the resonance, the effective mixing angle in (1.21) becomes pi/4, which is the
maximal mixing angle, and means that the amplitude of the transition probability
at the resonance is sin2 2θM = 1, and a total transition happens between the 2
flavors. This phenomenon is called the MSW effect, and was first proposed in
[31].
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1.1.4 Seesaw Mechanism
The Dirac neutrino mass terms are described by
− LD = mD(ν¯LνR + ν¯RνL) = mDν¯DνD, (1.24)
in which νD ≡ νL + νR. The Dirac mass term mD can be generated through the
Higgs mechanism by vacuum expectation value (vev) of the Higgs doublet:
mD = yv/
√
2, (1.25)
in which y is the Yukawa coupling of neutrinos, and v = 246 GeV is the weak
scale. For mD ∼ 0.1 eV, the Yukawa coupling would be y ∼ 10−12, which is 6
orders of magnitude smaller than the Yukawa coupling of electrons: ye = 3×10−6.
The Majorana mass term is written as
− LT = mL
2
(ν¯Lν
c
R + ν¯
c
RνL) =
mL
2
(ν¯LCνTL + νTLCνL) =
mL
2
ν¯MνM , (1.26)
where νcL(R) = Cγ0Tν∗R(L) = iγ2γ0γ0Tν∗R(L), and νM ≡ νL + νcR = νcM is a 2-
component Majorana field. A right handed neutrino νR (which in many models
is considered as sterile neutrino) can also obtain Majorana mass term:
− LS = mR
2
(ν¯cLνR + ν¯Rν
c
L) =
mR
2
(ν¯cLCν¯cLT + νcLTCνcL) =
mR
2
ν¯MsνMs, (1.27)
where νMs ≡ νcL + νR = νcMs.
When Dirac and Majorana mass terms are both present at the same time,
we need to diagonalize the mass matrix in order to obtain the mass-eigenstates;
which in general, will be linear combinations of νL and ν
c
R. In this case, for
one right handed and one left handed neutrino, the effective mass Lagrangian
becomes
− L = 1
2
(
ν¯L ν¯
c
L
)mL mD
mD mR
νcR
νR
+ h.c.. (1.28)
This mass matrix can be easily diagonalized by a 2 × 2 matrix U . In following
we list a number of special cases and limits:
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• The pure Majorana case mD = 0: There is no mixing between the active
neutrino νL and the sterile neutrino νR.
• The pure Dirac case mL = mR = 0: Leads to two degenerate Majorana
neutrinos, which in principle can be combined to form a Dirac neutrino.
• The seesaw limit mR  mD,L: There is one, mainly sterile, state with
m2 ' mR, which decouples at low energy, and one light, mainly active
state, with mass m1 ' mL−m2D/mR. If one of the eigenvalues goes up, the
other goes down, and vice versa. This is the point of the name ”seesaw” of
the mechanism. In this case, if mL = 0, an elegant explanation is obtained
for why |m1|  mD.
1.2 Sterile Neutrinos
Although the huge amount of the information collected from the solar, atmo-
spheric, reactor and accelerator neutrino oscillation experiments are in agreement
with 3-neutrino hypothesis, there are a number of neutrino oscillation experiments
the results of which cannot be explained within the framework of 3-neutrino os-
cillations. The most popular way to explain these anomalies is assuming the
existence of 1 (or more) sterile neutrino state(s), which do not have any interac-
tions, hence are singlets of the SM (therefore are sterile), and can only be detected
through their mixing with the active neutrinos. In this Section we will explain
the experimental anomalies which need to be clarified within the sterile neutrino
hypothesis. Then, we will explain the oscillation of neutrinos in the presence of
the sterile states.
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1.2.1 Experimental Motivation
The LSND Anomaly
The Liquid Scintillator Neutrino Detector (LSND) was primarily designed to
check neutrino oscillations by measuring the number of neutrino events produced
by an accelerator source [4]. The baseline of the experiment was L ∼ 20 m, and it
detected neutrinos in the energy range of Eν ∼ 20−200 MeV. In this experiment,
they observed electron anti-neutrino ν¯e events in a pure ν¯µ beam. The most
straightforward interpretation of this result is that ν¯µ is oscillating to ν¯e; however,
for this to happen, the corresponding mass squared difference has to be ∼ 1 eV2,
which is in conflict with the solar and atmospheric mass squared differences, which
are respectively ∆m221 (sol) = 7.4 × 10−5 eV2 and ∆m231 (atm) = 2.4 × 10−3 eV2.
Therefore, there has to be a forth neutrino state with mass ∼ 1 eV. Since from
the LEP results the number of the active neutrinos which participate in the weak
interaction is 3, this forth neutrino state has to be a gauge singlet of the SM.
The MiniBooNE Anomaly
The MiniBooNE experiment at Fermilab has been designed to test the LSND
result. The baseline of the experiment was L ∼ 540 m, and it detected neutrinos
in the energy range of 475 MeV < Eν < 3 GeV . The experiment has reported
oscillation results for both neutrino and anti-neutrino channels. They have fit
the 2-neutrino model (see Section 1.1.2) to the data, and have found the allowed
region in (sin2 2θ,∆m2) plane. They have shown that the νµ → νe and ν¯µ → ν¯e
oscillations with the mass squared difference in the 0.01 eV2 ≤ ∆m2 ≤ 1 eV2
range is consistent with the allowed region reported by the LSND experiment
[5]. They report an unexplained excess of events in the low energy range of
the neutrino and anti-neutrino events. However, in the higher energy ranges, no
significant excess has been seen.
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The Reactor Anomaly
A recent reevaluation of the flux of ν¯e’s produced in the reactors show a 3% in-
crease of the flux. At the same time, the experimental value of the lifetime of
neutrons is smaller than what it was expected. Therefore, the cross section of
the Inverse Beta Decay (IBD) process becomes larger, and hence, the expected
number of ν¯e events from the reactor experiments with baseline L < 100 m, is 6%
higher than the observed data. This deficit can be explained if a sterile neutrino
exists with ∆m2sterile > 1 eV
2 [6].
The Galium Anomaly
In the radioactive source experiments GALLEX and SAGE, a 2.7σ deficit was
seen in the expected number of events [35]. This anomaly which is usually known
as the ”gallium anomaly”, also hints towards a new mass squared difference of
the order of the reactor anomaly.
The Dark Radiation Anomaly
An analysis done on the cosmological data from the cosmic microwave background
(CMB) and Large Scale Structure (LSS) shows a tendency in favor of extra rela-
tivistic degrees of freedom, when the decoupling of CMB happens [36]. This new
source of radiation is often called as the ”dark radiation”, and allows for 1 sterile
neutrino state.
In conclusion, there are different indications on the existence of the sterile neu-
trinos from different neutrino oscillation experiments. However, although these
experiments have different sources and detector techniques, yet none of them can
claim a discovery.
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1.2.2 The Framework of Sterile Neutrinos: ”3+1” model
As indicated in the previous Section, there are plenty of experimental anomalies
which can be explained if we extend the SM with one (or more) neutrino state.
Because of the fact that from the LEP results the number of light neutrinos
which couple to the Z boson should be 3, hence this new state has to be a singlet
fermion of the SM, i.e. sterile . The sterile neutrino states do not have any
charge under the SM; therefore, they do not have any weak interaction, and can
only be detected indirectly through their mixing with the active neutrinos.
The SM singlets, i.e. the sterile neutrinos appear in many extensions of the
SM. The most attractive scenario which explains the neutrino masses, the seesaw
mechanism, includes heavy sterile neutrinos [16, 32, 33, 34]. Also, in the Large
Extra Dimension (LED) models which were proposed to explain the hierarchy
problem in Higgs sector, the smallness of neutrino masses could be explained as
well assuming that the sterile neutrinos could propagate in the bulk, and result in
naturally small neutrino Yukawa couplings which are suppressed by the volume of
the extra dimensions [17, 18] 4. In this thesis we are specifically concerned with
relatively light sterile neutrinos which have significant mixing with the active
neutrinos.
The minimal scheme which can explain the experimental anomalies in neutrino
sector is the so called ”3 + 1” model, which includes 3 active neutrinos νe, νµ and
ντ , extended with a forth sterile state νs. In this model the mass spectrum of
neutrino sector consists of three mostly active neutrino mass eigenstates with
masses (m1,m2,m3) and one mostly sterile neutrino mass eigenstate with mass
m4. To be able to explain the experimental anomalies, the mass of the mostly
sterile state has to be much bigger than the other masses, in such a way that
m1,m2,m3 << m4. (1.29)
4We will study the phenomenology of the LED model in Chapter 3.
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Figure 1.3: The mass hierarchy of neutrinos for 3 + 1 framework
The mixing between the flavor and mass eigenstates is described by generaliz-
ing the PMNS matrix to a 4× 4 unitary matrix, U (4), which can be parametrized
by six mixing angles: 3 active-active mixing angles (θ12, θ13, θ23), as well as 3
active-sterile mixing angles (θ14, θ24, θ34), and 3 CP-violating phases: (δ13, δ14, δ24).
To describe U (4) we use the following parametrization:
U (4) = R34(θ34)R
24
δ24
(θ24, δ24)R
14
δ14
(θ14, δ14)R
23(θ23)R
13
δ13
(θ13, δ13)R
12(θ12), (1.30)
where Rij(θij) (i,j = 1,...,4 and i < j) is the 4 × 4 rotation matrix in the ij-
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plane with angle θij
5. In total, 6 new mixing parameters are introduced in the
(3 + 1) model: 3 mixing angles (θ14, θ24, θ34), which quantify the νs − νe, νs − νµ
and νs − ντ mixings, respectively; one new mass-squared difference which we
choose as ∆m241 ≡ m24 − m21; and 2 CP-violating phases δ14 and δ24. The two
extra mass-squared differences ∆m242 and ∆m
2
43 are not independent and can be
written as: ∆m242 = ∆m
2
41 − ∆m221 and ∆m243 = ∆m241 − ∆m231. In Fig. 1.3 we
have schematically shown the relation between the mass and flavor eigenstates
for the 3 + 1 model.
The sterile neutrino hypothesis should not spoil the results of the 3-neutrino
framework. Therefore, the mass squared differences in the 3 + 1 model should
satisfy this condition:
|∆m221|  |∆m231|  |∆m241|.
This condition guaranties that the oscillations induced by the new mass squared
difference is averaged out in the experiments sensitive to ∆m221 or ∆m
2
31. Also, the
assumption that the new mass state is mostly sterile indicates that the elements
of U (4) should satisfy this condition:
|U (4)e4 |2, |U (4)µ4 |2, |U (4)τ4 |2  1,
so that the standard oscillation mixing angles are untouched. The oscillation
probability of neutrinos in vacuum for a general 3 + 1 framework is similar to Eq.
(1.11), replacing the PMNS matrix with U (4):
Pνα→νβ(L) = δαβ − 4
4∑
i>j
<[U (4)αi U (4)∗βiU (4)∗αjU (4)βj ] sin2 (∆m2ijL4E )
+ 2
4∑
i>j
=[U (4)αi U (4)∗βiU (4)∗αjU (4)βj ] sin(∆m2ijL2E ). (1.31)
5For the inclusion of the CP-phases in the rotation matrices see the explanation after Eq.
(1.4).
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In νe (ν¯e) disappearance experiments, in which the survival probability of
νe → νe (ν¯e → ν¯e) is measured, for the short baseline (SBL) limit, where the
baseline of the experiment is L < 100 m, we can neglect the 1 − 2 and 1 − 3
frequencies (since the oscillation lengths for these 2 mass squared differences
are 30 km and 1 km respectively, which are much bigger than the baseline of
these experiments), and write the effective survival probability in vacuum in the
following form (See Eq. (1.12)):
P 3+1νe(ν¯e)→νe(ν¯e) = 1− 4|U
(4)
e4 |2
(
1− |U (4)e4 |2
)
sin2
(∆m241L
4E
)
= 1− sin2 2θ14 sin2
(∆m241L
4E
)
, (1.32)
where for writing the last term, we have used the parametrization of U (4) in
Eq. (1.25). The SBL experiments are not sensitive to the standard 3−neutrino
scheme, but they can observe the oscillatory behavior of ∆m241 and θ14 parameters.
On the other hand, in medium baseline experiments (L ∼ 1 km), oscillations due
to (∆m231, θ13) are the relevant parameters, and oscillations due to eV
2-scale mass-
squared differences are averaged out.
In νµ (ν¯µ) disappearance experiments with long baselines (L ∼ a few hundred-
a few thousand km), the effective survival probability in vacuum takes the fol-
lowing form:
P 3+1νµ(ν¯µ)→νµ(ν¯µ) = 1− 4|U
(4)
µ4 |2
(
1− |U (4)µ4 |2
)
sin2
(∆m241L
4E
)
, (1.33)
where U
(4)
µ4 = sin θ24 cos θ14. Therefore, these experiments are sensitive to both
of these mixing angles. However, in most of these experiments cos θ14 can be
approximated to 1. On the other hand, it was shown in [8] that due to the im-
portance of the matter effect in the IceCube experiment, the survival probability
of νµ (ν¯µ) in matter is sensitive to U
(4)
τ4 as well, where U
(4)
τ4 = sin θ34 cos θ14 cos θ24.
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In νµ → νe (ν¯µ → ν¯e) appearance searches, the effective transition oscillation
is written as
P 3+1νµ(ν¯µ)→νe(ν¯e) = 4|U
(4)
µ4 |2|U (4)e4 |2 sin2
(∆m241L
4E
)
, (1.34)
and hence these experiments are sensitive to both U
(4)
e4 and U
(4)
µ4 at the same time.
The framework of the sterile neutrinos has been considered for a long time,
see e.g. [37, 38]. The prospect of the 3 + 1 model has been studied in a number
of papers. In a recent global analysis on the data of short baseline (L < 100 m)
and medium baseline (L ∼ 1 km) reactor and accelerator experiments, as well as
atmospheric and solar neutrino data, they have found that [39]:
∆m241 = 0.93 eV
2,
|U (4)e4 | = 0.15,
|U (4)µ4 | = 0.17,
|U (4)τ4 |2 ≤ 0.2; (1.35)
in which by using the parametrization of Eq. (1.25), the active-sterile mixing
angles become (neglecting all the CP-violating phases)
sin2 θ14 = 0.022,
sin2 θ24 ' 0.029,
sin2 θ34 ≤ 0.19. (1.36)
”3+1” model in matter
To calculate the evolution of neutrinos in 3 + 1 scenario in matter, we have to
solve the following Schro¨dinger-like equation [10]:
i
d
dr

νe
νµ
ντ
νs
 =
[ 1
2Eν
U (4)M2U (4)
†
+ V (r)
]

νe
νµ
ντ
νs
 , (1.37)
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in whichM2 = diag
(
0,∆m221,∆m
2
31,∆m
2
41
)
is the mass squared difference matrix,
U (4) is the 4× 4 PMNS matrix and Eν is the energy of neutrinos. The potential
matrix V (r) is
V (r) =
√
2GFdiag
(
Ne(r)− Nn(r)/2,−Nn(r)/2,−Nn(r)/2, 0
)
, (1.38)
where GF is the Fermi constant, and Ne(r) (Nn(r)) is the electron (neutron)
number density of the earth (See the discussion in Section 1.1.3 for 3-neutrino
case in matter). The same equation holds for anti-neutrinos if we change V (r)→
−V (r).
Eq. (1.37) is in principle a distance dependent Schro¨dinger equation and one
can only solves it numerically. The method on how to solve these equations will
be described in Chapter 3.
1.3 Neutrino Experiments
1.3.1 Oscillation Experiments
There are 2 kinds of neutrino oscillation experiments: the disappearance and
the appearance experiments. In disappearance experiments, there is usually a
source of neutrinos with flavor α and 2 near and far detectors. The near detector is
very close to the source, in a range in which the flavor oscillation does not happen.
Both near and far detectors measure the flux of να. In these experiments, they
compare the flux in both detectors to look for a loss of events. The loss of neutrino
events in the far detector is due to neutrino oscillation.
In the appearance experiments, there usually exists a source of neutrinos
with flavor α, with a far detector which measures neutrino events with flavor β,
for α 6= β. Detecting neutrinos with flavor different from the source neutrinos
indicate there is neutrino oscillation.
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In what follows we describe different sources of neutrinos, and the related
experiments.
Solar Neutrinos
The sun is a huge source of electron neutrinos with energy ∼ 1 MeV to 20
MeV. Most neutrinos which pass through the earth originate from the sun (∼
6.5 × 1010 particles/cm2s). The flux of solar neutrinos on the earth was first
calculated by John N. Bahcall in 1960s [41]. After Bahcall calculated the flux,
Raymond Davis designed an experiment to measure this flux, the Homestake
(or usually called Davis) experiment [42]. The purpose of this experiment was
counting neutrinos which were emitted by the nuclear fusion inside the sun. The
results of this experiment was the first big surprise in neutrino physics, as the
measured number of neutrinos from the experiment was approximately one third
of the expected number of events calculated by Bahcall. This problem is the so
called ”solar neutrino problem”. This discrepancy between the measured and the
expected number of events was later found to be due to the ”flavour oscillation”
of neutrinos.
After the surprising results of the Davis experiment, the GALLEX/GNO and
SAGE experiments (the gallium experiments) were established to detect solar
neutrinos in the beginning of 1990s. These experiments measured the low en-
ergy electron neutrinos produced in the sun. Since the end of 1990s, the Super-
Kamiokande and SNO experiments have been providing high precession data
on the high energy range of the solar neutrinos. Finally it was the SNO ex-
periment which solved the solar mystery. The Sudbury Neutrino Observatory
(SNO) experiment has measured the flux of electron neutrinos, as well as the
combined flux of all neutrino flavours. The SNO experiment has determined that
φe/φtotal = 0.306±0.05 [40], which is a proof that the electron neutrinos produced
in the sun oscillate to muon and tau neutrinos in their path to the earth. The
47
Figure 1.4: Solar neutrino flux as a function of energy. Plot taken from [43].
combined rate of these fluxes showed an agreement with the Bahcall calculations.
The no-oscillation hypothesis has been ruled out by more than 17σ C.L. since
then. A combined analysis on all solar neutrino data as well as the data from
the KamLAND reactor experiment gives the best fit values for the solar mass
squared difference and mixing angle [25]:
∆m221 = 7.4× 10−5 eV2,
sin2 θ12 = 0.3, (θ12 ∼ 28 degrees).
Atmospheric Neutrinos
Atmospheric neutrinos are produced by the interactions of the primary cosmic
rays with the atmosphere. These interactions produce pions in particular. The
pions decay into muons and muon neutrinos. The muons also decay to electrons,
electron neutrinos, as well as secondary muon neutrinos. Therefore the flux of
muon atmospheric neutrinos is 2 times more than the flux of electron atmospheric
neutrinos (this is only true for energies below GeV, i.e. E < 1 GeV.).
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Figure 1.5: Neutrino oscillation parameter allowed region from KamLAND anti-
neutrino data (shaded regions) and solar neutrino experiments. Here ∆m2 ≡
∆m221 is the solar mass squared difference, while θ ≡ θ12 is the solar mixing
angle. Plot taken from [48].
Atmospheric neutrinos are not yet completely explored. They have a huge
energy range, from 100 MeV to 100 TeV. The baseline of the atmospheric exper-
iments can vary from a few km, to the diameter of the earth. The neutrinos are
produced in the atmosphere, in a thin layer around the earth. They cross various
layers of the earth and are detected in the underground/under-water/under-ice
detectors. The atmospheric neutrinos which pass through the earth can experi-
ence matter effect with density ∼ 2.5− 15 gr/cm3.
The Kamiokande [49] and IMB [50] experiments began to observe the atmo-
spheric neutrinos in the second half of 1980’s. These experiments observed a
number of events significantly smaller than what was predicted. This was the
source of ”atmospheric neutrino anomaly”. The solution of this anomaly in favor
of neutrino oscillation came from the observations of the Super-Kamiokande wa-
ter Cherenkov detector [51]. A combined analysis on the data from atmospheric
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and long baseline accelerator experiments results in
|∆m231| ≈ |∆m232| = 2.4× 10−3 eV2,
sin2 θ23 = 0.4, (θ23 ∼ 33 degrees).
The IceCube neutrino observatory located in Antarctica is the hugest atmospheric
neutrino experiment built so far. Its main goal is detecting the highest energy
neutrinos possibly originating from extra-galactic sources. The IceCube detector
is able to probe the atmospheric neutrinos from 10 GeV-400 TeV, as well as
the very high energy neutrinos with energy up to several EeV. The experiment
can also observe neutrino oscillation induced by 2-3 mass squared difference.
Searching for the sterile neutrinos is also from the goals of IceCube [89, 96].
Figure 1.6: The allowed regions for ∆m223 and sin
2 2θ23, from MINOS, T2K and
SuperK experiments. Plot taken from [56].
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Reactor Neutrinos
Fission reactors are a huge source of electron anti-neutrinos (about 1020 s−1 per
nuclear core). The reactor neutrinos were first detected in the Cowan-Reines ex-
periment, in 1956 [2]. In this experiment as well as the other reactor experiments,
the neutrinos are detected through the Inverse Beta Decay (IBD) process:
ν¯e + p→ e+ + n.
The electron anti-neutrinos with threshold energy above 1.8 MeV interact with
protons in water, and produce positrons and neutrons in the final products. The
positrons annihilate with electrons and produce 0.5 MeV photons, while the neu-
trons are captured by the nucleons of the detector liquid and produce secondary
photons a few mili-seconds later, with energy around 3− 11 MeV.
Figure 1.7: IBD process [45].
The reactor neutrino experiments can detect electron antineutrinos with en-
ergy around a few MeV. The medium baseline (MBL) reactor experiments with
baseline ∼ 0.1 − 1 km are sensitive to the atmospheric mass squared differ-
ence ∆m231, while the long baseline (LBL) reactor experiments with baseline
∼ 10− 100 km are able to measure the solar mass squared difference ∆m221. The
Kamioka Liquid Scintillator Antineutrino Detector (KamLAND) experiment is
surrounded by 55 Japanese nuclear power reactors with average distance of 150
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km [53]. The experiment started to take data in 2002. KamLAND measures the
solar mass squared difference most precisely, while the solar experiments are more
accurate in measuring θ12; therefore, to have the most precise measurement for
these parameters, a combined analysis is performed.
Figure 1.8: Summary of θ13 measurements by the reactor neutrino experiments
of RENO, Daya Bay and Doube-Chooz. Plot and Table are taken from [46].
Recently in 2012, the SBL rector experiments Double Chooz [26], Daya Bay [27]
and RENO [28] experiments measured the value of the last unknown mixing an-
gle:
sin2 θ13 = 0.023, (θ13 ' 9 degrees).
The measurement of the small mixing angle θ13 in these experiments was achieved
thanks to the highly controlled systematic errors and efficient background rejec-
tion down to ∼ 10% of signal. Therefore, in principle, the data of these experi-
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ments can be also used to discover/constrain new physics in the neutrino sector.
Accelerator Neutrinos
Figure 1.9: NuMI beamline at Fermilab [47].
The idea of producing accelerator neutrino beams was primarily introduced by
Schwartz [54] and Pontecorvo [55]. Conventional neutrino beams are produced
very similar to atmospheric neutrinos: high energy protons hit a target, pions
and kaons are produced, they decay into muons and neutrinos. Then the muons
also decay into electrons and neutrinos. The accelerator neutrinos have energy
between Eν ∼ 0.1−100 GeV, and baseline L ∼ 1−1000 km. Accelerator neutrino
beams are always a mixture of both neutrinos and antineutrinos.
The NuMI (”Neutrinos at Main Injector”) beamline at Fermilab is an example
of accelerator neutrino beams (See Fig. 1.9). The MINOS (Main Injector Neu-
trino Oscillation Search) experiment uses the neutrinos produced in the NuMI
accelerator to search for neutrino oscillations [56]. The K2K accelerator exper-
iment [57] also looks for evidence for muon neutrino disappearance. The T2K
experiment which is the second generation of K2K is also an accelerator based
experiment which measures the oscillation of νµ to νe and the value of θ13 mixing
angle [58].
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Measuring CP -violation
The CP -violation in neutrino sector happens if the oscillation probability for
neutrinos is different with anti-neutrinos. This difference is defined by (See Eq.
(2) and the discussion after that.)
Aαβ = P (να → νβ)− P (ν¯α → ν¯β). (1.39)
The invariance of CPT implies that Aαβ = −Aβα; hence Aαα = 0. This behav-
ior can also be seen from the probability relation in Eq. (1.12), in which it is
shown that the survival probability for neutrinos and anti-neutrinos is the same;
therefore, Aαα = 0. This means that CP -violation can only be measured in the
appearance experiments, e.g. in the T2K experiment in which it measures the
oscillation of νµ to νe.
The conservation of the probability implies that
∑
α 6=β Aαβ = 0, which means
Aeµ = Aµτ = Aτe = −Aµe = −Aτµ = −Aeτ ≡ ACP. Therefore, CP -violation is
the same in all experimental channels up to a sign. For 3-neutrino oscillation, we
have
ACP = −4s12c12s13c213s23c23 sin δ
[
sin
(∆m212L
2E
)
+ sin
(∆m223L
2E
)
+ sin
(∆m231L
2E
)]
,
(1.40)
which is maximal for δ = pi/2 or δ = 3pi/2. A recent global analysis of solar,
atmospheric, reactor and accelerator neutrino data in the framework of three-
neutrino oscillations show that the favored values of δ are around 3pi/2, while
values around pi/2 are disfavored by more than 2σ [59]. Also, it is shown in
[60] that if the mass hierarchy is known, then the T2K experiment can exclude
about 50%− 60% of the δ space by about 90% C.L., by 10 years running of the
experiment.
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1.4 Neutrinos in Cosmology
In the temperatures higher than 1010 K in the early universe, the matter which
was mainly composed of neutrinos, electrons and positrons, was in thermal equi-
librium with the photons. At this temperature processes like
e+ + e− 
 ν + ν¯,
(−)
ν + e± 
 (−)ν + e±
happened rapidly by weak interaction. When the temperature fell below 1010 K
(which is less than the rest energy of electrons/positrons), since there was not
enough energy to produce e−− e+ pairs from neutrinos, they decoupled from the
rest. However, due to the electromagnetic interaction, electrons/positrons were
still coupled to photons. At this time there were 2 different temperatures: that of
neutrinos, which decreased like the inverse of the scale parameter: Tν ∝ 1/a, as
neutrinos were relativistic particles; and that of γ − e− − e+, which decreased at
a slower rate. This goes on until the recombination time, in which the electrons
combine with protons to form the neutral atoms. Hence, there was no electric
charge in the universe, and photons decoupled from the rest. After decoupling of
photons, their temperature decreased like inverse of the scale parameter: Tγ ∝
1/a. Therefore, after the decoupling of the photons, the ratio of the temperature
of the photons to that of neutrinos remain constant, although Tγ is bigger than
Tν , as until before the decoupling of the photons, Tγ was decreasing with a slower
rate. This ratio is R ≡ Tγ
Tν
.
The temperature of the relic photons from cosmic microwave background
(CMB) has been measured extremely well: T 0γ = 2.72 K, while the temperature
of the relic neutrinos is related to the temperature of photons. At the present
time this temperature can be calculated as: T 0ν = (
4
11
)1/3T 0γ ∼ 0.71T 0γ . Hence,
the temperature of the relic neutrinos is: T 0ν = 1.96 K (1.7× 10−4 eV).
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The cross section of relic neutrinos is extremely low:
σ ∼ G2Fm2ν ∼ 10−56(
mν
1eV
)2 cm2,
therefore the direct measurement of the relic neutrinos is extremely impossible
with the present experimental techniques. However, if the relic neutrinos be
observed, our knowledge of the universe would be expanded to almost 1 second
after the big bang (Please note that the CMB dates back to when the universe is
∼ 380, 000 years, while the decoupling of neutrinos happens at t ∼ 1 s).
Since the relic neutrinos were decoupled before photons, they were present
at the time photons were decoupled. Therefore, we can calculate the number of
light neutrinos from CMB. The density of the matter and radiation contents of
the universe are given by
ρm = ρ
0
m(
a0
a
)3 and ρr = ρ
0
r (
a0
a
)4, (1.41)
where a is the scale factor and is related to the redshift as a = 1
1+z
. The con-
tribution of the neutrinos to the total radiation content of the universe which is
composed of photons and relativistic neutrinos can be parametrized as a function
of the effective number of neutrinos, Neff
ρr = ργ + ρν =
[
1 +
7
8
(
4
11
)
4
3Neff
]
ργ, (1.42)
where ρr(γ,ν) is the energy density of radiation (photons, neutrinos). The factor
7/8 accounts for the fermionic number of degrees of freedom. In the standard
model of cosmology, Neff = 3.046, which accounts for 3 active neutrinos at the
time of thermalization.
Nonrelativistic massive neutrinos have a significant contribution to the energy
density of the universe. This energy density is proportional to neutrinos masses
mi and their number density nν : ρν ∝ minν . It is usually common to define
dimensionless energy density parameter in cosmology, which is defined by the
ratio of the energy density to the critical energy density of the universe which is
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a constant factor. The density fraction for neutrinos is then proportional to the
total masses, and the reduced Hubble parameter h:
Ω0ν =
∑
i n
0
νi
mi
ρ0ch
2
'
∑
imi
93 eV h2
,
where n0νi is the number density of neutrinos which for each flavor we have a
density of 112 cm−3, ρ0c = 3H
2/(8piG) is the critical density today and h = 0.742±
0.036. Therefore from the Planck observation of temperature and polarization
anisotropies of the CMB, it is possible to find the upper bound on the sum of
neutrinos masses [121]: ∑
i
mi < 0.23 eV.
Although cosmological experiments are sensitive to the sum of neutrino masses,
they are blind to the oscillation parameters.
Chapter 2
Probing light sterile neutrinos in
medium baseline reactor
experiments
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Without experimentalists, theorists tend to drift.
Without theorists, experimentalists tend to falter.
T.D. Lee
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1 Medium baseline reactor experiments (Double Chooz, Daya Bay and RENO)
provide a unique opportunity to test the presence of very light sterile neutrinos.
In this chapter, we analyze the data of these experiments in the search of sterile
neutrinos and also test the robustness of θ13 determination in the presence of
sterile neutrinos.
The chapter is organized as follows: we present the introduction of light sterile
neutrinos in section 2.1. In section 2.2, we analyze the Double Chooz, Daya Bay
and RENO data in the standard 3ν framework. We will show that our results
are consistent with theirs within the error budget. In section 2.3, we discuss the
phenomenology of light sterile neutrinos and derive the ν¯e survival probability
in the (3 + 1)light model. Section 2.4 is devoted to the analysis of data in the
(3 + 1)light model. In section 2.4.1 we analyze the data of Double Chooz, and in
section 2.4.2 we present the results of combined analysis of Double Chooz, Daya
Bay and RENO data. We summarize our conclusions in Section 2.5.
2.1 Introduction: Light sterile neutrinos in medium
baseline experiments
Double Chooz, Daya Bay and RENO experiments with L/E ∼ (10− 103) m/MeV,
where L and E are the baseline and neutrino energy respectively, are sensitive to
∆m231-induced flavor oscillation with the amplitude sin
2 2θ13. In fact, the mea-
surement of the small mixing angle θ13 in these experiments was achieved thanks
to the highly controlled systematic errors and efficient background rejection down
to ∼ 10% of signal. Thus, in principle, the data of these experiments can be used
also to discover/constrain new physics in the neutrino sector.
The set up and baseline to energy ratio of Double Chooz, Daya Bay and RENO
experiments make them sensitive to small admixture of a new sterile neutrino
1This chapter is prepared based on my work published in [62].
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state with electron anti-neutrinos, with mass-squared difference∼ (10−3 − 10−1) eV2.
The existence of a sterile neutrino state with mass ∼ 1 eV, the so-called 3 + 1
model, was motivated by LSND [4], MiniBooNE [5] and reactor anomalies [6];
and several experiments have been proposed to check this scenario (see [7] and
references therein; see also [8]). However, from the phenomenological point of
view, it is worthwhile to probe the existence of a light sterile neutrino, a model
which we call it (3+1)light. In this regard, we perform a detailed analysis of Dou-
ble Chooz, Daya Bay and RENO data for the (3 + 1)light model. In this model,
in addition to the θ13 and ∆m
2
31 parameters, the active-sterile mixing parame-
ters (θ14,∆m
2
41) contribute to the ν¯e → ν¯e oscillation probability. We discuss the
correlation among these parameters and the constraints that can be derived on
them. Also, we discuss the robustness of θ13 determination in the presence of
the sterile neutrinos. We show that the reported value of θ13 holds also in the
presence of the sterile neutrinos and the data of Daya Bay and RENO play a
crucial role in this robustness.
The prospect of sterile neutrino search in medium baseline reactor experiments
has been studied in a number of papers. In [63], by calculating the sensitivity of
Double Chooz to the sterile neutrinos with ∆m2 ∼ 1 eV2 in the 3+2 model (3 ac-
tive and 2 sterile neutrinos), it has been concluded that with only the far detector
data, the θ13 angle can be confused with the active-sterile neutrino mixing angles.
In [64] the interplay between a sterile neutrino with ∆m241 ∼ (10−2 − 1) eV2 and
θ13 determination has been studied by computing the sensitivity of Double Chooz
and Daya Bay, with the conclusion that disentangling these parameters requires
information about the positron recoil energy distortions. A simulation of medium
baseline experiments in search of light sterile neutrinos has been performed in [65]
and the dependence of limits on the systematic errors has been studied. Also,
in [66], the correlation between θ13 and the active-sterile mixing parameters have
been studied with an emphasize on the reactor anomaly and its connection to the
61
cosmological data. The effect of the sterile neutrinos on θ13 determination in both
medium and long baseline experiments has been studied in [67]. In [68] the data
of Daya Bay and RENO is analyzed in 3 + 1 framework; the obtained limits are
consistent with the limits of this work in the same range of ∆m241. Constraining
the sterile neutrino scenario with the solar and KamLAND data has been studied
in [69] which we will discuss it in section 2.4.2.
In this chapter we extend for the first time the previous searches to ∆m241 ∼
(10−3−10−1) eV2 and perform an analysis of the available data from the medium
baseline experiments. We will show that due to the slight mismatch of data and
3ν prediction at Double Chooz at Eprompt ∼ (3− 4) MeV, the (3 + 1)light model is
favored by ∼ 2.2σ significance; however, incorporating the Daya Bay and RENO
data decreases the significance to ∼ 1.2σ C.L..
2.2 Standard analysis in the 3ν framework
In this section we reproduce the results of the medium baseline reactor experi-
ments (Double Chooz [26], Daya Bay [27] and RENO [28]) in the 3ν framework.
The survival probability of the electron anti-neutrinos ν¯e takes the following form
(see Eq. (1.12)):
P (ν¯e → ν¯e) = 1− 4
[
|Ue2|2|Ue1|2 sin2
(∆m221L
4E
)
+ |Ue3|2|Ue1|2 sin2
(∆m231L
4E
)
+ |Ue3|2|Ue2|2 sin2
(∆m232L
4E
)]
, (2.1)
where L ∼ 1 km is the distance of the detector from the source, and E ∼
a few MeV is the energy of the reactor neutrinos. Due to the moderately short
baseline of these experiments, the oscillation induced by ∆m221 can be ignored, and
using the definition of the PMNS matrix in Eq. (1.4), the ν¯e survival oscillation
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probability can be casted as following:
P (ν¯e → ν¯e) ' 1− 4|Ue3|2
(|Ue1|2 + |Ue2|2) sin2 (∆m231L
4E
)
= 1− sin2 2θ13 sin2
(
∆m231L
4E
)
, (2.2)
in which we have used the fact that ∆m232 ' ∆m231. As discussed in [26, 27],
the effect of the uncertainty in the value of ∆m231 in the extraction of the θ13
parameter is quite small; therefore, we fix it to the best-fit value 2.4× 10−3 eV2
measured by the MINOS experiment [70].
The detection of the reactor antineutrinos is through the Inverse Beta Decay
(IBD) process, ν¯e + p → e+ + n. Neutrino energy can be reconstructed by
measuring the prompt positron energy E ∼ Eprompt + 0.78 MeV (neglecting the
neutron recoil energy). Thus, by reconstructing the spectrum of the observed ν¯e
events, a fit of Eq. (2.2) to the data can give information about the value of θ13.
In the following we discuss each of these experiments in detail.
2.2.1 Double Chooz
The Double Chooz experiment has detected 8,249 candidates of electron antineu-
trino events using a 10.3 m3 detector which is located at L = 1050 m far from
the 2 reactor cores. The total livetime of the experiment is 227.93 days. The
expected number of events in the case of no-oscillation (i.e., θ13 = 0) are 8,937
(including background events). From a rate plus spectral shape analysis they
have found sin2 2θ13 = 0.109±0.055, which excludes the no-oscillation hypothesis
at 99.8% C.L. (2.9 σ) [26].
To reproduce the results of Double Chooz we follow the method described
in [26]. The observed events in Double Chooz are separated in 18 prompt energy
bins, between 0.7 MeV and 12.2 MeV (Fig. 2.1). The analysis is performed by
defining two different data-taking periods: i) both reactors on (139.27 days) with
6,088 total IBD candidates; ii) one reactor with less than 20% of nominal power
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Figure 2.1: Summary of the Double Chooz experiment. Plot taken from [26].
(88.66 days) with 2,161 total IBD candidates.
The numbers of expected events without oscillation (i.e. θ13 = 0), background
events and observed events in each bin of energy is published in [26] (See Fig. 2.1).
The expected number of ν¯e events in a detecter with detection efficiency  and at
distance L from the source can be calculated as [72]
Nosc =
Np
4piL2
∫ ∫
P (ν¯e → ν¯e) dσ
dEe+
dφν¯e
dE
dEe+dE, (2.3)
where Np is the number of free protons in the detector target,
dσ
dEe+
is the differ-
ential cross section of the IBD process, dφν¯e
dE
is the differential energy distribution
at the reactor, and Ee+ and E are the energy of the prompt positrons and the
electron anti-neutrinos, respectively. It is quite difficult to calculate the differen-
tial cross sections and the accurate detector efficiency for phenomenology point
of view; however, in these experiments, they usually report the no-oscillation
number of events as well. Therefore, one can use Eq. (2.3) to calculate Nno−osc,
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noticing that in this case the probability is 1, and write
Nosc
Nno−osc
= 〈P (ν¯e → ν¯e)〉 , (2.4)
in which 〈P (ν¯e → ν¯e)〉 is the averaged ν¯e survival probability in Eq. (2.2). Hence,
the expected number of events for θ13 6= 0 in the i-th bin of energy can be
calculated by
Nosci (θ13) = N
no−osc
i × 〈Psur(θ13)〉i , (2.5)
where Nno−osci is the expected number of events for θ13 = 0 in the i-th energy bin
(obtained from Fig. 2.1, after subtracting background events), and 〈Psur(θ13)〉i is
the averaged ν¯e survival probability as a function of θ13 in the i-th energy bin.
To analyze the data of Double Chooz we define the following χ2 function
χ2DC(sin
2 2θ13;α, b) =
36∑
i=1
(
Nobsi −
[
(1 + α)Nosci (θ13) + (1 + b)Bi
])2
(σobsi )
2 + (σosci )
2
+
α2
σ2α
+
b2
σ2b
, (2.6)
where i runs over the 36 bins of energy (18 for each period of data-taking); Nobsi ,
Bi and N
osc
i are the observed, background and expected number of events in
the i-th bin, respectively. The σobsi =
√
Nobsi and σ
osc
i =
√
Nosci represent the
statistical errors of the observed events and the expected events with oscillation,
respectively. The systematic uncertainties in the normalization of the reactor
neutrino flux and the background events are taken into account by the α and b
pull terms, with σα = 0.02 and σb = 0.27.
By marginalizing χ2DC(sin
2 2θ13;α, b) with respect to α and b, we obtain the
best-fit value of the mixing angle sin2 2θ13 = 0.115, with the normalized (to the
number of degrees of freedom) χ2 value of χ2DC/d.o.f. = 26.2/35, which excludes
the no-oscillation hypothesis at 2.7σ C.L. (compare to the reported 2.9σ C.L.
in [26]). Our 1σ range of mixing parameter sin2 2θ13 from Double Chooz is given
in the first row of Table 2.1, which is similar to the range reported by the Double
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Experiment χ2no−osc χ
2
osc δχ
2 sin2 2θ13
Double Chooz analysis [26] ∼ 52 42.1 9.9 0.109± 0.055
Double Chooz (our analysis) 35.2 26.2 9.0 0.115± 0.037
Daya Bay analysis [27] ∼ 31 4 27 0.092 ± 0.021
Daya Bay (our analysis) 31.8 3.5 28.3 0.091 ± 0.014
RENO analysis [28] ∼ 22 0 22 0.113 ± 0.032
RENO (our analysis) 19.0 0 19 0.110 ± 0.024
Table 2.1: Comparison between our analysis and the analyses reported by Double
Chooz, Daya Bay and RENO experiments. The quantity δχ2 ≡ χ2no−osc − χ2osc
shows the improvement in the fit of data due to nonzero θ13.
Chooz collaboration. Also, in Fig. 2.2 we compare the best-fit energy spectrum of
events from our analysis in the 3ν framework (including the background events)
with Double Chooz data and the spectrum for θ13 = 0, for each integration period.
The contribution of the background events is ∼ 15 events in the first couple of
energy bins and reduces to ∼ 5 events for higher energy bins. The left and right
panels of Fig. 2.2 are for the cases where both reactors are on and one reactor
runs with less than 20% of power; which clearly the former plays the main role
in the analysis due to the higher statistics. The preference to nonzero θ13 can be
easily recognized by comparing the red solid curve for best-fit value of θ13 with
the blue dotted curve which shows the distribution for vanishing θ13.
2.2.2 Daya Bay
The Daya Bay reactor neutrino experiment has measured the best-fit value of
the mixing angle sin2 2θ13 = 0.092, excluding the zero value at 5.2σ C.L. [27]. In
55 days of livetime, 10,416 (80,376) electron anti-neutrino candidates have been
detected in the far hall (near halls). The ratio of the observed to the expected
number of events is R = 0.940. From this deficit, sin2 2θ13 = 0.092 has been
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(a) both reactors on (b) one reactor off
Figure 2.2: Prompt energy distribution of events in the Double Chooz experi-
ment (data points), compared with distributions for the best-fit value of θ13 (red
solid curve) and θ13 = 0 (blue dashed curve). The left and right panels corre-
spond to the two data-taking periods with both reactors on and one reactor off,
respectively.
determined, based on a rate-only analysis (i.e. comparing the total number of
the observed events with the total number of the expected events).
The Daya Bay experiment consists of three underground experimental halls
(EH1, EH2 and EH3), where two Antineutrino Detectors (AD) are located in
EH1 and one AD in EH2 (near halls). Three ADs are located at the far hall
(EH3) at a distance where ν¯e survival oscillation probability deviates maximally
from one. The Daya Bay collaboration has published the observed number of
events in the near and far halls as a function of the prompt energy (Fig. 2.3).
However, due to the low energy resolution of the Daya Bay experiment, it is not
possible to perform a bin by bin analysis similar to the case of Double Chooz.
Nevertheless, we can do a rate only analysis, which means comparing the total
observed and expected number of events. Daya Bay has published the ratio of
the observed to the expected number of events (assuming no-oscillation) for each
AD (Fig. 2.4); i.e.,
Ri ≡ # of observed events in i−th AD
# of expected events in i−th AD , (2.7)
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Figure 2.3: Summary of the Daya Bay experiment. Plot taken from [27].
where i = 1, . . . , 6. Using Ris and the number of observed IBD candidates in
each AD (given in Table 2.2, also in Table II of [27]), the expected number of
events without oscillation can be calculated by: Nno−osci = N
obs
i /Ri. The averaged
oscillation probability for each AD of Daya Bay can be written as (see [66])
〈Psur(θ13)〉i = 1− sin2 2θ13
∫
sin2
(
∆m231di
4E
)
ρ(E)dE , (2.8)
where di is the weighted distance of the i-th AD from the reactors (the weighted
baseline given in Fig. 2.4) and ρ(E) is the fractional energy distribution of neu-
trinos. Using the top panel of Fig. 2.3 for the energy distribution of events, the
expected number of events including the oscillation for the i-th AD becomes
N expi (θ13) =
(
Nobsi
Ri
)
× 〈Psur(θ13)〉i . (2.9)
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Figure 2.4: Daya Bay experiment: Ratio of the measured versus expected signal
in each detector, assuming no oscillation. Plot taken from [27].
We analyze the Daya Bay data by defining the following χ2 function (which
includes only the rate information):
χ2DB(sin
2 2θ13; , i, αr, ηi) =
6∑
i=1
[
Nobsi −N expi (θ13)
{
1 + +
∑6
r=1 ω
i
rαr + i
}
+ ηi
]2
(σstati )
2
+
6∑
r=1
α2r
σ2r
+
6∑
i=1
(
2i
σ2d
+
η2i
(σ2B)i
)
, (2.10)
where Nobsi and N
exp
i are respectively the total number of observed and expected
IBD candidate events in the i-th AD; with σstati representing the statistical error
of the observed number of events which is defined as (σstati )
2 = Nobsi +Bi, where
Bi is the number of background events in the i-th AD. The ω
i
r is the fraction
of the neutrino flux from r-th reactor at the i-th AD (given in the last row of
Table 2.2). The systematic uncertainties of the reactor flux, detection efficiency
and background events are taken into account by pull terms with pull parameters
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AD1 AD2 AD3 AD4 AD5 AD6
IBD candidates 28935 28975 22466 3528 3436 3452
total background 694 697 517 182 184 174
total background uncertainty 107 107 89.6 19.7 19.7 19.7
fraction of the neutrino flux 0.188 0.202 0.109 0.124 0.188 0.186
Table 2.2: Signal and background summary of the Daya Bay experiment [27].
αr, i and ηi respectively; with σr = 0.8%, σd = 0.2% and (σB)i presented in
the third row of Table 2.2. The parameter  accommodates the uncorrelated flux
normalization uncertainty which we marginalize without any pull term compen-
sation. All the values used in χ2DB function of Eq. (2.10) are listed in Table 2.2
[27].
After minimizing χ2DB with respect to all parameters, we find the best-fit
value of the mixing parameter sin2 2θ13 = 0.091, which is consistent with Daya
Bay result. The χ2 value and 1σ range of sin2 2θ13 are shown in the second row
of Table 2.1.
2.2.3 RENO
The RENO experiment has observed disappearance of reactor ν¯e with 4.9σ of
significance. In 229 days of data-taking period, the number of observed neutrinos
at far (near) detector has been 17,102 (154,088). The ratio of the number of
observed neutrinos to the number of expected neutrinos (for θ13 = 0) is R = 0.920.
From this deficit, the RENO collaboration has obtained sin2 2θ13 = 0.113, based
on a rate-only analysis [28].
The RENO experiment consists of two detectors, near and far, detecting ν¯e
emission form 6 reactors. The average distance of the near (far) detector from the
center of the reactor array is 294 m (1383 m). The details of the experiment can
be found at [28]. The RENO collaboration has published the observed number
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Figure 2.5: Summary of the RENO experiment. Plot taken from [28].
of events in the near and far detectors as a function of the prompt energy (Fig.
2.5). The analysis of RENO is similar to the analysis of Daya Bay. Following
the method described in [66], we calculate the averaged survival probability of
neutrinos in i-th detector (i = near,far) in the following way:
〈Pi〉 =
6∑
j=1
fij
[
1− sin2 2θ13
∫
sin2
(
∆m231dij
4E
)
ρj(E)dE
]
, (2.11)
Fraction of ν¯e flux reactor 1 reactor 2 reactor 3 reactor 4 reactor 5 reactor 6
detector 1 0.0678 0.1493 0.3419 0.2701 0.115 0.0558
detector 2 0.1373 0.1574 0.1809 0.1856 0.178 0.1608
Table 2.3: Fraction of ν¯e flux from different detectors on different reactors for
RENO experiment [27].
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Weighted distance (m) reactor 1 reactor 2 reactor 3 reactor 4 reactor 5 reactor 6
detector 1 667.9 451.8 304.8 336.1 513.9 739.1
detector 2 1556.5 1456.2 1395.9 1381.3 1413.8 1490.1
Table 2.4: Weighted distance of different detectors from different reactors for
RENO experiment [27].
where fij is the fraction of antineutrino flux at the i-th detector coming from
the j-th reactor, given in Table 2.3; dij is the weighted distance of the i-th de-
tector from the j-th reactor, given in Table 2.4 and ρj is the fractional energy
distribution of neutrinos emitted from the j-th reactor. Using the ratio of ob-
served to expected number of events (as defined in Eq. (2.5)) from the bottom
panel of Figure 2.6, the expected number of events without oscillation can be
derived. The expected number of events including oscillation can be calculated
form Eq. (2.7).
We use the same χ2 function defined by the collaboration [28]:
χ2RENO(sin
2 2θ13;α, bi, ξi, fr) =
∑
i=N,F
[
Nobsi + bi − (1 + α + ξi)
∑6
r=1(1 + fr)N
exp
i,r
]2(
σobsi
)2
+
∑
i=N,F
(
ξ2i
σξ
2
d
+
b2i
σb
2
i
)
+
6∑
r=1
(
fr
σr
)2
, (2.12)
where i denotes to either Near or Far detectors, Nobsi is the total number of neu-
trinos observed in each detector (after background subtraction), r = 1, . . . , 6 runs
over the reactors and α takes into account the global flux normalization uncer-
tainty. σobsi is the statistical error of observed events; and uncorrelated systematic
error of reactor flux and detection efficiency are σr = 0.9% and σ
ξ
d = 0.2% re-
spectively (taken from Table II of [28]). σbN(F ) is the background uncertainty at
the near (far) detector: σbN = 1140.93 (σ
b
F = 166.545) [28]. The corresponding
pull parameters are respectively fr, ξi and bi.
Minimizing χ2RENO of Eq. (2.12) with respect to all the pull parameters, we
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Figure 2.6: RENO experiment: The χ2 distribution as a function of sin2 2θ13.
Bottom: Ratio of the measured reactor neutrino events relative to the expected
number of events with no oscillation. The curve represents the oscillation survival
probability at the best fit, as a function of the flux-weighted baselines. Plot taken
from [28].
find the best-fit value sin2 2θ13 = 0.110, which is consistent with RENO result
reported in [28]. The summary of all our results about RENO can be seen in the
third row of Table 2.1.
In Fig. 2.7 we show ∆χ2 ≡ χ2 − χ2min versus sin2 2θ13 for the three discussed
experiments. Comparing our results with the results of Double Chooz, Daya
Bay and RENO collaborations in Table 2.1 show that: i) our best-fit values
for sin2 2θ13 are fairly close to the reported values by the collaborations; ii) our
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Figure 2.7: ∆χ2 ≡ χ2−χ2min versus sin2 2θ13, for Double Chooz (red solid curve),
RENO (blue dot-dashed curve) and Daya Bay (black dashed curve) experiments.
exclusion of θ13 = 0 (quantified by δχ
2) and also 1σ allowed interval of sin2 2θ13
are compatible with the corresponding values reported by the collaborations.
In the rest of this chapter, we will use the data of these experiments to probe
the existence of the sterile neutrino state with mass-squared difference ∆m2 ∼
(10−3 − 10−1) eV2.
2.3 The Framework of light sterile neutrino: (3+
1)light
Although the majority of data from neutrino oscillation experiments can be in-
terpreted consistently in the 3ν framework, persisting anomalies, including Mini-
BooNE, LSND, reactor and Gallium anomalies (see section 1.2.1) motivate exis-
tence of a sterile neutrino state with mass ∼ O(1) eV. However, although sev-
eral experiments have been proposed to check the existence of ∼ 1 eV sterile
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neutrinos (see [7, 8]), the possibility of the existence of a light sterile neutrino
(∆m241  1 eV2) is neither excluded strongly nor planned to be explored sub-
stantially2. In this chapter we probe this possibility in the light of Double Chooz,
Daya Bay and RENO published data.
For simplicity, we extend the neutrino sector of the Standard Model by adding
one light sterile neutrino: the (3+1)light model. In this model the mass spectrum
of neutrino sector consists of three mostly active neutrino mass eigenstates with
masses (m1,m2,m3) and one mostly sterile neutrino mass eigenstate with mass
m4 such that:
m1 < m2  m3 < m4 . (2.13)
The mixing of these states can be described by the 4 × 4 PMNS matrix U (4)
described in Eq. (1.30).
In the medium baseline reactor experiments (Double Chooz, Daya Bay and
RENO) which we are considering in this chapter, the distances of the near and
far detectors to the sources are a few hundred meters and ∼ 1 km, respectively;
and the energy of neutrinos emitted from reactors is ∼ few MeV. In this energy
and baseline ranges the oscillation phase induced by ∆m221 can be ignored and
the ν¯e survival probability is given by:
P (ν¯e → ν¯e) = 1− 4
(|U2e1|+ |Ue2|2)× [|Ue3|2 sin2(∆m231L4E
)
+ |U2e4| sin2
(
∆m241L
4E
)]
− 4|Ue3|2|Ue4|2 sin2
(
∆m243L
4E
)
,(2.14)
where L and E are the baseline and energy respectively. In terms of the parametriza-
tion of Eq. (1.30), the oscillation probability is
P (ν¯e → ν¯e) = 1− sin2 2θ13 cos4 θ14 sin2
(
∆m231L
4E
)
− cos2 θ13 sin2 2θ14 sin2
(
∆m241L
4E
)
− sin2 θ13 sin2 2θ14 sin2
(
∆m243L
4E
)
. (2.15)
2The potential of upcoming reactor experiments with larger baseline to probe “super light”
sterile neutrinos (∆m241 ' 10−5 eV2) is studied in [71].
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Figure 2.8: The ν¯e survival probability versus L/E for different values of sin
2 2θ13,
sin2 2θ14 and ∆m
2
41. The blue box represents the relevant L/E region for medium
baseline experiments. Panel (a) shows the probability in the 3ν framework with
the best-fit value of θ13. Panel (b) is for nonzero active-sterile mixing parameters,
with a rather large ∆m241. Panels (c) and (d) show the probability for the best-fit
values obtained in the analysis of the (3 + 1)light model, for Double Chooz and
the combined data, respectively.
In the analysis of the (3+1)light scenario, we treat θ13 , θ14 and ∆m
2
41 in Eq. (2.15)
as free parameters and fix ∆m231 to its best-fit value from the MINOS experi-
ment [70]. In Fig. 2.8 we show the ν¯e survival probability for different values
of sin2 2θ14, sin
2 2θ13 and ∆m
2
41, versus L/E. The blue box shows the relevant
values of L/E for medium baseline experiments for both near and far detectors.
The upper left panel shows the probability for the best-fit value of θ13 in the
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3ν framework. The upper right panel depicts the probability for nonzero active-
sterile mixing parameters shown in the legend; and as can be seen, for relatively
large ∆m241 = 0.1 eV
2 in this panel the effect of sterile neutrino is averaged out
especially for the far detector. The two lower panels show the probability for
best-fit values of mixing parameters obtained in our analysis of the (3 + 1)light
(see section 2.4).
Some symmetries in Eq. (2.15) can be recognized. For example, there is a
degeneracy in Eq. (2.15) where in the limit ∆m243 → 0 (or ∆m241 → ∆m231), when
θ13 = 0 the angle θ14 imitates the role of θ13 when θ14 = 0. Thus, it is always
possible to obtain a fit to the data in the (3 + 1)light model as good as the fit in
3ν framework by setting ∆m241 = ∆m
2
31 and exchanging θ14 with θ13. However,
it would be possible that deviation of ∆m241 from ∆m
2
31 (that is, nonzero ∆m
2
43),
which leads to a shift of extrema positions in Fig. 2.8, results in a better fit than
the 3ν fit. Notice that varying θ13 in the 3ν scheme leads to change in the depth of
minima while leaving the positions of minima unchanged. So, generally we expect
to obtain better fits by extending the 3ν framework to the (3+1)light model. The
possibility of having two independent measurements in near and far detectors (as
in Daya Bay and RENO) helps in lifting this degeneracy (see section 2.4.2), while
with one detector only (Double Chooz) the degeneracy will be manifested (see
section 2.4.1).
2.4 Analysis of the (3 + 1)light model
In this section we confront the data from Double Chooz, Daya Bay and RENO
experiments with the prediction of the (3 + 1)light model. In section 2.4.1, we
consider the Double Chooz data and in section 2.4.2, we perform the combined
analysis including the data of the other two experiments.
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2.4.1 Probing the (3 + 1)light model with Double Chooz
For the analysis of Double Chooz data for the (3 + 1)light model, we follow the
method of section 2.2.1, with the modification that the number of expected events
in (3 + 1)light model is given by
Nosc,3+1i = N
no−osc
i ×
〈
P (θ13, θ14,∆m
2
41)
〉
i
, (2.16)
where 〈P 〉i is the average of survival probability in Eq. (2.15) in the i-th energy
bin.
Using the same χ2DC as in Eq. (2.6), we find the following best-fit values:
sin2 2θ13 = 0.036 , sin
2 2θ14 = 0.129 , ∆m
2
41 = 0.027 eV
2 , (2.17)
with the minimum value χ2DC/d.o.f = 19.1/33, which shows improvement with
respect to the 3ν analysis with minimum of χ2DC/d.o.f = 26.2/35 (see the first row
of Table 2.1). The main feature of the (3+1)light analysis with Double Chooz data
is the significantly different best-fit value for sin2 2θ13 in Eq. (2.17) with respect
to the 3ν best-fit value sin2 2θ13 = 0.115. In Fig. 2.9, we compare the χ
2
DC as a
function of sin2 2θ13 for 3ν and (3 + 1)light models. The red dashed curve for the
(3 + 1)light is calculated by marginalizing χ
2
DC with respect to ∆m
2
41 and sin
2 2θ14.
The shift in the best-fit value of sin2 2θ13 in (3 + 1)light is clear from Fig. 2.9.
Also, from the best-fit value sin2 2θ13 = 0.036 down to zero, the χ
2 value is nearly
constant which shows the negative impact of θ14 on establishing a nonzero value
for θ13 from Double Chooz data. Thus, as we expect, for the Double Chooz data
active-sterile mixing parameters can mimic the effect of θ13 (see section 2.3).
In the left and right panels of Fig. 2.10 we show the χ2DC values as a func-
tion of sin2 2θ14 and ∆m
2
41, respectively; where the χ
2
DC values are obtained by
marginalization over other parameters. As can be seen from Fig. 2.10a, with
the Double Chooz data, zero value of sin2 2θ14 can be excluded by more than
∼ 2.2σ. Comparing Fig. 2.10a with the red curve in Fig. 2.7 shows that, as we
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Figure 2.9: χ2DC versus sin
2 2θ13 for the (3 + 1)light model (red dashed curve) and
the 3ν framework (blue solid curve), for the Double Chooz data.
anticipated, for Double Chooz data extending the 3ν framework to (3 + 1)light
effectively corresponds to exchanging θ13 with θ14. In Fig. 2.10b the best-fit value
∆m241 = 0.027 eV
2, shows up as a minimum in χ2DC. The ν¯e survival probability
for the best-fit values in Eq. (2.17), is shown in Fig. 3.6c. To understand qualita-
tively the choice of the best-fit values, in Fig. 2.11 we plot the energy distribution
of events at Double Chooz detector. In this figure the red and green curves cor-
respond respectively to the distribution of the events for the best-fit values in the
3ν and (3 + 1)light models. The improvement of the fit to data for (3 + 1)light is
fairly visible, specially for the prompt energies ∼ (3− 4) MeV (due to the higher
statistics, the main contribution comes from the left panel of Fig. 2.11). Let us
take a closer look at this energy range. For example, counting the energy bins
from the left side, in the seventh bin (Eprompt ∼ (3.7 − 4.2) MeV) clearly the
(3 + 1)light model matches to the data better. This energy bin corresponds to
L/E ∼ (210− 233) m/MeV. Comparing Figs. 3.6a and 3.6c in this range of L/E
shows that ν¯e survival probability decreases in (3+1)light model with respect to 3ν
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Figure 2.10: χ2DC with respect to sin
2 2θ14 (left panel) and ∆m
2
41 (right panel),
which are calculated by marginalizing χ2DC with respect to ∆m
2
41 and sin
2 2θ13 for
the left panel, and sin2 2θ13 and sin
2 2θ14 for the right panel.
framework. Numerically, for the average of the probability in this bin we obtain:
〈P 〉3ν = 0.964 and 〈P 〉3+1 = 0.883; where the ratio of these two (∼ 1.1) coincides
with the ratio of the red to green curves in Fig. 2.11a for the 7th bin of energy.
Conversely, for the fifth bin of energy in Fig. 2.11a, we obtain 〈P 〉3ν = 0.947
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and 〈P 〉3+1 = 0.966 which leads to an increase in the number of events in the
(3 + 1)light model and again better fit to data. The same improvement occurs
for the other neighbor energy bins which eventually leads to a better fit in the
(3 + 1)light model with ∆m
2
41 = 0.027 eV
2. By changing the value of ∆m241, this
distortion in the number of events moves to the higher or lower energies where
already the prediction of 3ν model matched with data points and consequently
the fit deteriorates. Notice that although a significant difference exists between
Figs. 3.6a and 3.6c in the range L/E ∼ (40− 100) m/MeV, since L = 1050 m in
Double Chooz experiment, the contribution of this range of L/E, corresponding
to Eprompt & 10 MeV, is quite negligible.
In Figs. 2.12a and 2.12b we show the 2-dimensional allowed regions from Dou-
ble Chooz data in the (sin2 2θ13,∆m
2
41) and (sin
2 2θ14,∆m
2
41) planes, respectively.
As can be seen from Fig. 2.12a for ∆m241 ∼ 0.027 eV2, even vanishing θ13 is allowed
at 95% C.L.. For lower values of ∆m241 (. 0.005 eV2) also θ13 = 0 is allowed at
3σ C.L., which is a consequence of θ14− θ13 degeneracy mentioned in section 2.3.
On the other hand, in the same range of ∆m241, larger values of sin
2 2θ14 are
allowed (see Fig. 2.12b). At lower confidence levels, the closed allowed regions
appear in both Figs. 2.12a and 2.12b for ∆m241 ∼ 0.027 eV2 which is a result of
the minimum in Fig. 2.10b.
To summarize, extending the standard 3ν framework by adding one light
sterile neutrino state improves the fit to the Double Chooz data and weakens the
lower limit on sin2 2θ13 such that the zero value is allowed at less than ∼ 1σ C.L..
Also, in the (3 + 1)light model, the allowed region and the best-fit of sin
2 2θ13
shift to smaller values. From the Double Chooz data, the (3 + 1)light model is
favored at ∼ 2.2σ C.L. with respect to the 3ν framework. However, it should be
noticed that even in the 3ν framework, the signal of nonzero sin2 2θ13 from the
Double Chooz experiment is rather weak (2.9σ), and as we saw in section 2.2,
the inclusion of Daya Bay and RENO data significantly enhances the signal. In
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(a) both reactors on (b) one reactor off
Figure 2.11: Prompt energy distribution of events in the Double Chooz exper-
iment (data points), compared with the predictions of the 3ν (red curve) and
(3 + 1)light (blue curve) models. Left and right panels correspond to the two
data-taking periods with both reactor on and one reactor off, respectively.
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Figure 2.12: Allowed regions in (a) (sin2 2θ13,∆m
2
41), (b) (sin
2 2θ14,∆m
2
41) plane
from the Double Chooz data for different confidence levels. The best-fit value is
shown by a cross.
this regard, we perform a combined analysis of all data for the (3 + 1)light model
in the next section.
82
 3+1 framework, combined
4Σ
3Σ
2Σ
1Σ
0 0.02 0.04 0.06 0.08 0.10 0.12 0.1425
30
35
40
45
50
sin2 2Θ13
Χ
2
(a)
 3+1 framework, combined
2Σ
1Σ
0 0.02 0.04 0.06 0.08 0.1025
27
29
31
sin2 2Θ14
Χ
2
(b)
Figure 2.13: The χ2all versus (a) sin
2 2θ13 and (b) sin
2 2θ14 in the (3 + 1)light model
for the combined data of Double Chooz, Daya Bay and RENO experiments.
2.4.2 Probing the (3+1)light model with the combined data
of Double Chooz, Daya Bay and RENO
In this section we probe the (3 + 1)light model with the combined analysis of
Double Chooz (shape and rate), Daya Bay and RENO (rate only) data. The
global χ2all is defined by:
χ2all
(
sin2 2θ13, sin
2 2θ14,∆m
2
41
)
= χ2DC + χ
2
DB + χ
2
RENO , (2.18)
as described in section 2.2 in Eqs. (2.6), (2.10) and (2.12). After minimizing χ2all
with respect to all the pull parameters, we find the following best-fit values
sin2 2θ13 = 0.074 , sin
2 2θ14 = 0.059 , ∆m
2
41 = 0.027 eV
2 , (2.19)
with the minimum value χ2min/d.o.f. = 26.7/35. Comparing with the 3ν frame-
work χ2min/d.o.f. = 29.7/37, the (3 + 1)light leads to an improvement of the fit to
global data; however, the significance of the improvement is small.
The following comments are in order about the combined analysis:
• In Fig. 2.13a we show χ2all as a function of sin2 2θ13 after marginalizing over
∆m241 and sin
2 2θ14. The 1σ range of the value of the 13-mixing angle is
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Figure 2.14: The χ2 versus ∆m241 for the (3 + 1)light model, from the combined
data of Double Chooz, Daya Bay and RENO experiments (blue curve). For
comparison the curve for only Double Chooz data is shown (red dashed curve).
sin2 2θ13 = 0.074
+0.017
−0.013. As can be seen, inclusion of Daya Bay and RENO
data increases the best-fit value of sin2 2θ13, such that the zero value of θ13
can be excluded by ∼ 4σ. The best-fit value of θ13 and exclusion of θ13 = 0
in the combined analysis of the (3 + 1)light model is comparable with the
case of 3ν framework, although a bit smaller (see Table 2.1).
• Fig. 2.13b shows χ2all versus sin2 2θ14. Comparison with Fig. 2.10a shows
that inclusion of Daya Bay and RENO data shifts the best-fit value of
sin2 2θ14 to lower values, and also the significance of nonzero θ14 decreases
to ∼ 2σ. The 1σ range is sin2 2θ14 = 0.059+0.021−0.016.
• For the mass-squared difference ∆m241, the best-fit value of the Double
Chooz and combined analysis is the same (see Eqs. (2.17) and (2.19), see
also Fig. 2.14). The best-fit value ∆m241 = 0.027 eV
2 for the combined
analysis originates from Double Chooz data for the same reason discussed in
section 2.4.1 about Fig. 2.11; namely since the position of the extrema in the
ν¯e oscillation probability depends only on ∆m
2
41 value. It is straightforward
84
0.01 0.1 0.50.001
0.01
0.1
sin2 2Θ13
D
m
412
He
V
2 L
99% CL
90% CL
68% CL
Excluded Excluded
´
(a)
0.001 0.01 0.1 10.001
0.01
0.1
sin2 2Θ14
D
m
412
He
V
2 L
99% CL
90% CL
68% CL
´
Excluded
(b)
Figure 2.15: Allowed regions in (a) (sin2 2θ13,∆m
2
41), (b) (sin
2 2θ14,∆m
2
41) plane;
for the combined analysis of Double Chooz, Daya Bay and RENO data. The
best-fit value is shown by a cross.
to check that for the mixing parameters of Eq. (2.19) still the improvement
of fit to the Double Chooz data in (3 + 1)light holds to some extend in the
range Eprompt ∼ (3− 4) MeV.
• In Figs. 2.15a and 2.15b we show the allowed region in (sin2 2θ13,∆m241)
and (sin2 2θ14,∆m
2
41) planes respectively. From Fig. 2.15a we see that the
global analysis of Double Chooz, Daya Bay and RENO data in the (3+1)light
model excludes θ13 = 0 with high confidence level (∼ 4.1σ). Also, the best-
fit value of sin2 2θ13 is fairly close to the value in the 3ν framework. Thus,
the measured value of sin2 2θ13 is robust with respect to the existence of a
light sterile neutrino; and the Daya Bay and RENO data play an important
role in this robustness (compare Fig. 2.12a and 2.15a). In both Figs. 2.15a
and 2.15b a closed allowed region appears at ∆m241 ∼ 0.027 eV2 in low
confidence levels which stem from the Double Chooz data. Particularly, in
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Fig. 2.15b the closed region indicates that θ14 = 0 can be excluded at ∼ 68%
C.L.; however, by increasing the significance the closed region transforms
to upper limit and θ14 = 0 is allowed.
• In Fig. 2.16 we show the allowed region in (sin2 2θ13, sin2 2θ14) plane for Dou-
ble Chooz only (left panel) and for the combined analysis (right panel). In
Fig. 2.16a (which is for Double Chooz), there is an anti-correlation between
the allowed values of θ13 and θ14: for smaller values of θ13 larger values of
θ14 are favored and vice-versa. This anti-correlation is a manifestation of
θ13−θ14 degeneracy discussed in section 2.3. The break of degeneracy in low
confidence levels (red and blue curves in Fig. 2.16a) is due to the mismatch
of the Double Chooz data and the 3ν prediction in E ∼ (3− 4) MeV which
favors larger θ14. However, by including the Daya Bay and RENO data in
Fig. 2.16b (with the advantage of making two independent measurements
in near and far detectors of each experiment) the anti-correlation and de-
generacy break and we end up in two islands the both of them favoring
nonzero θ13. For the first island: sin
2 2θ14 < sin
2 2θ13, while for the sec-
ond one: sin2 2θ14 > sin
2 2θ13; where the latter originates from the Double
Chooz contribution. In both panels of Fig. 2.16 the green dashed curve
represent the limit from solar and KamLAND data [69].
• Finally we would mention that our results are robust with respect to the
uncertainty in the value of ∆m231, since varying this parameters will change
just the positions of extrema in Fig. 3.6a while the improvement to data
requires additional extrema as in Fig. 3.6d. As a cross check, we have tested
the stability of our results by varying ∆m231 within its 1σ uncertainty ranges
from MINOS experiment [70]. The negligible change in our results justifies
the initial assumption of fixed ∆m231.
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Figure 2.16: Allowed regions in (sin2 2θ13, sin
2 2θ14) plane from the Double Chooz
data (left panel) and the combined data of Double Chooz, Daya Bay an RENO
experiments (right panel). The best-fit value is shown by a cross. The green
dashed curve shows the upper limit at 90% C.L. from the KamLAND and Solar
data [69].
2.5 Conclusions
Searches for sterile neutrinos and investigating its impact on experimental results
obtained, or planned to be obtained, is one of the cutting edge questions in
neutrino physics. Although the initial motivation was interpretation of LSND
anomaly by sterile neutrinos with mass ∼ O(1) eV, further anomalies such as
cosmological hints and low energy solar data stimulated existence of lighter sterile
neutrinos. In the work presented in this chapter, we investigated the consequence
of the existence of a light sterile neutrino, the (3 + 1)light model, on medium
baseline reactor experiments: Double Chooz, Daya Bay and RENO. The baseline
and energy of these experiments provide the opportunity to probe active-sterile
oscillation with ∆m241 ∼ (10−3 − 10−1) eV2.
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Among these three experiments, the Double Chooz consists of one detector
and presents both rate and shape (in energy) information of observed events;
while the Daya Bay and RENO experiments, each equipped by near and far
detectors, provide the deficit in total number of events in the far detector(s)
with respect to the near detector(s). The energy distribution of events in Double
Chooz is in good agreement with the 3ν framework prediction except in the range
Eprompt ∼ (3 − 4) MeV. This discrepancy leads to a better fit in the (3 + 1)light
such that we obtained the best-fit values sin2 2θ13 = 0.036, sin
2 2θ14 = 0.129 and
∆m241 = 0.027 eV
2 for mixing parameters. With the Double Chooz data the 3ν
framework can be excluded at ∼ 2.2σ C.L.. Also, the best-fit value of θ13 angle
is significantly different than the reported value in the 3ν framework and θ13 = 0
is allowed in less than 1σ C.L..
Inclusion of the rate information from the Daya Bay and RENO experiments
alters the conclusion such that with the combined data of Double Chooz, Daya
Bay and RENO we obtain the best-fit values
sin2 2θ13 = 0.074 , sin
2 2θ14 = 0.059 , ∆m
2
41 = 0.027 eV
2 . (2.20)
With the combined data the (3+1)light model is favored at ∼ 1.2σ C.L.. The value
of θ13 angle is close to the reported value in the 3ν framework and so robustness
of θ13 determination can be claimed. The persisting θ13 − θ14 degeneracy in
(3 + 1)light, which exists in the limit ∆m
2
41 → ∆m231, can be lifted mainly by the
data of Daya Bay and RENO. Despite the preference for the (3 + 1)light model, a
large part of the parameter space of this model is excluded in our analysis, better
than the constraints from the other analyses by a factor of 2.
The planned near future data from these experiments can significantly ex-
clude/strengthen the favored nonzero active-sterile mixing parameters found in
this work. Especially, the energy spectrum of the data in the Daya Bay and
RENO experiments can decisively rule out/confirm it. Also, installation of the
near detector in the Double Chooz experiment can provide valuable information
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about the observed anomaly in Eprompt ∼ (3 − 4) MeV, wether supporting it or
contradicting it.
Chapter 3
Probing Large Extra Dimensions
With IceCube
89
90
Only neutrinos, with their extremely small interaction
cross-sections, can enable us to see into the interior of a
star, and thus verify directly the hypothesis of nuclear en-
ergy generation in stars.
John N. Bahcall
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1 In models with Large Extra Dimensions the smallness of neutrino masses can
be naturally explained by introducing gauge singlet fermions which propagate in
the bulk. The Kaluza-Klein modes of these fermions appear as towers of the sterile
neutrino states on the brane. In this chapter we study the phenomenological
consequences of this picture for the high energy atmospheric neutrinos. For this
purpose, we construct a detailed equivalence between a model with large extra
dimensions and a (3+n) scenario consisting of 3 active and n extra sterile neutrino
states, which provides a clear intuitive understanding of the Kaluza-Klein modes.
Finally, we analyze the collected data of high energy atmospheric neutrinos by
IceCube experiment and obtain bounds on the radius of the extra dimensions.
The chapter is organized as follows: We will briefly introduce the Large Extra
Dimension (LED) model in section 3.1. In Section 3.2 we explain the formalism
of the Large Extra Dimension (LED) model and the matter effects of the Earth
on the KK modes. In Section 3.3 we calculate the flavor oscillation probabilities
of high energy atmospheric neutrinos in the LED model. Then in Section 3.4 we
establish the equivalence between the LED and (3 + n) models. Section 3.5 is
devoted to the analysis of the data of IceCube. We summarize our conclusions in
Section 3.6.
3.1 Introduction: The Large Extra Dimension
model
The large extra dimension (LED) model has been introduced and motivated as a
solution to the hierarchy problem [73, 74, 75], which is the huge difference between
the Planck scale Mpl ' 1.2 × 1019 GeV and the electroweak scale v = 246 GeV.
The basic idea is that if a singlet of the SM exists (such as Graviton), it can
propagate into the bulk (i.e. the space including the extra dimensions), while
1This chapter is prepared based on my work published in [100].
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the Standard Model (SM) particles are localized in a 4-dimensional space-time
embedded in the balk [76]. In this scenario the fundamental Planck scale in the
bulk is suppressed down to the weak scale by the volume of the extra dimension
space and so there is no hierarchy problem anymore. The relation between the
observed Planck scale in 4-dimensions and the fundamental Planck scale MF is
given by
M2Pl = (2pi)
D(R1R2 · · ·RD)M2+DF = VDM2+DF , (3.1)
where the extra D dimensions are compactified in tori with radii Ri’s and volume
VD.
In the same scenario, the same idea has been proposed to explain the small-
ness of neutrino masses [17, 18]. In fact, the mechanism of confinement of SM
particles on the brane relies on the gauge flux conservation which necessitates
that just singlets under the SM gauge symmetry can propagate into the bulk.
Thus, in principle, in addition to the graviton, the hypothesized right handed
neutri- nos can also live in the bulk and consequently the volume suppression
explains the small neutrino masses. However, the Kaluza-Klein (KK) expansion
of the right handed neutrinos after the compactification of the extra dimensions
manifest towers of the sterile neutrinos from the brane point of view which can
dramatically affect the oscillation phenomenology of the active neutrinos. This
behavior has been studied extensively in the literature2 [79, 82]. Although the
majority of studies derive more and more stringent upper bound on the radius
of the extra dimensions, still, interestingly, with the current upper limit on the
size of the extra dimensions, the first KK mode sterile neutrino can have a mass
O(1) eV, which is in the ballpark of what is required for the interpretation of
the recently observed anomalies in the short baseline neutrino experiments and
LSND/MiniBooNE experiments [39]. For instance, in this line, it is proposed
2For possible signatures of bulk KK modes at colliders and also their impact on the lepton
number violating processes see [77]. A review of the collider signatures is given in [78].
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in [84] that the reactor and gallium anomalies can be interpreted within the LED
model.
In this chapter we study an independent probe of the LED model by the
use of the high energy atmospheric neutrinos. During the past few years, the
completed IceCube detector at the south pole has collected a high statistics sam-
ple of the atmospheric neutrino data with energies > 10 GeV, which actually
plays the role of background for the astrophysical/cosmic neutrino searches that
IceCube is intended to do. However, these background data provide a unique op-
portunity to probe the new physics scenarios with unprecedented precision. The
atmospheric neutrino data of IceCube has been used to probe the sterile neu-
trinos [10, 8, 9, 85], violation of the equivalence principle [86], the non-standard
neutrino interactions [87] and the matter density profile of the Earth [88]. In this
chapter we study the signature of the LED model in the high energy atmospheric
neutrinos and, by analyzing the data sets of IC-40 [89] and IC-79 [90], we show
that it is possible to constrain the radius of the extra dimension to < 4×10−5 cm
(at 2σ C.L.). Also, we estimate the sensitivity of IceCube to the LED model after
taking into account the energy information of the collected data and show that
the favored region of the parameter space by reactor and gallium anomalies [84]
can be excluded by the IceCube data.
From the brane point of view the KK modes of the LED model resemble a
series of the sterile neutrino states with increasing masses. The Earth’s matter
density induce resonant conversion of the active neutrinos to these sterile states,
which the rate of conversion depends on the energy and zenith angle (θz) of the
atmospheric neutrinos. Phenomenologically, these signatures are similar to the
signatures of the (3 + n) scenarios consisting of 3 active neutrinos and n sterile
states with mixing pattern determined by various mixing angles. We elaborate
on this similarity and establish a detailed equivalence between them.
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3.2 Matter effects on the neutrino propagation
in the Large Extra Dimension model
In this section we study the propagation of neutrinos in matter in the LED model.
Our aim is to investigate the Earth’s matter effects on the propagation of the high
energy atmospheric neutrinos in the presence of the Kaluza-Klein modes. The
collected data of the high energy atmospheric neutrinos by the IceCube detector
provides a unique opportunity to search for these effects and so to probe the LED
model.
The number of LEDs should be D ≥ 2, where the D = 1 case is excluded
by the observed 1/r2 behavior of the gravitational force at the scale of the solar
system (If there were only one extra dimension, the radius of this extra dimension
had to be R ∼ 1010 km.). The factor suppressing the 4-dimensional Planck scale
down to ∼ TeV scale is the volume of the D-dimensional space, where for the
case that LEDs are compactified on tori with radii Rj (j = 1, . . . , D), the volume
is given by (2pi)DR1 · · ·RD (See Eq. (3.1)). It should be noticed that all the radii
Rj are not necessarily equal, and in fact, assuming an asymmetrical compactifica-
tion in the D-dimensional space, a hierarchical pattern of Rj elevates the existing
bounds on the size of the LED radii from supernovae cooling and the cosmolog-
ical considerations [91]. A (4 + D)-dimensional space with hierarchical radii of
compactification in the D-dimensional space of LED effectively is equivalent to
a 5-dimensional bulk space with the LED radius given by the largest Rj which
will be denoted by RED hereafter. The LED scenario explains the smallness of
the active neutrino masses through the volume suppression of the Yukawa cou-
plings between the Higgs field H, the active left-handed neutrinos νiL and the
5-dimensional fermions Ψi (singlet under the SM gauge group) where i = 1, 2, 3
correspond to the number of the active flavors. The action of interaction between
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the active neutrinos and Ψi fields is given by S =
∑3
i=1 Si, where [17]
Si =
∫
d4x dy iΨiΓ
A∂AΨi +
∫
d4x [iν¯iLγ
µ∂µνiL + λijHν¯iLψjR(x, y = 0)] + h.c..
(3.2)
In this equation ΓA (A = 0, . . . , 4) are the Dirac matrices and (ψiL, ψiR) are the
Weyl components of the fermion Ψi living in the 5-dimensional space (x
µ, y). The
first term of Eq. (3.2) is the kinetic term of ψiL and ψiR fields and the first term
in bracket is the kinetic term of the active neutrino fields νiL. The last term is
the Yukawa term with the coupling constant λij, which gives the interaction of
Ψi fields in the bulk with the active neutrinos living on the brane y = 0 (we
are assuming compactification on a Z2 orbifold where ψiL and ψiR are odd and
even under its Z2 action, respectively; and so ψiL(x, y = 0) vanishes.). Please
note that the Yukawa couplings λij are not dimensionless parameters. The mass
dimension of the fields in the action of Eq. (3.2) are: [ψR]M =
D+3
2
, [νL]M =
3
2
and [H]M = 1; therefore the mass dimension of the Yukawa couplings would be
[λij]M = −D2 . At this point the only mass scale in the theory is MF , hence we
can define the dimensionless Yukawa coupling as [81]
hij = λijM
D/2
F , (3.3)
in which we assume hij ∼ O(1). The mixings of the active neutrinos are parametrized
with the PMNS matrix U through
ναL =
3∑
i=1
UαiνiL , (3.4)
where U → U∗ for antineutrinos. Without loss of generality, the Yukawa coupling
matrix λij can be diagonalized by the above field redefinition and a corresponding
redefinition of the bulk fields. After electroweak symmetry breaking and expan-
sion of the ψiR and ψiL fields in terms of the Kaluza-Klein modes, the mass terms
of action in Eq. (3.2) take the following form [17, 79]
∞∑
n=−∞
mDi ν¯iLψ
(n)
iR +
∞∑
n=1
n
RED
(
ψ
(n)
iL ψ
(n)
iR − ψ(−n)iL ψ(−n)iR
)
+ h.c., (3.5)
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where ψ
(n)
iR and ψ
(n)
iL are the n
th KK mode of the bulk fermions ψiR and ψiL,
respectively. The mDi are the three mass parameters that form the diagonal Dirac
mass matrix mDdiag in this basis, which in turn results from the diagonalization of
the matrix
mDij =
hijvM
−D/2
F√
VD
= hijv
MF
Mpl
, (3.6)
where for writing the las term we have used the relation in Eq. (3.1). (Please
note that the KK modes have a pre factor proportional to V
−1/2
D .) Therefore the
coupling in the above equation becomes
MF
Mpl
' 10−16 MF
1 TeV
, (3.7)
and neutrinos can get a naturally small Dirac mass (For MF ∼ 1 TeV, mDi ∼
10−5 eV). Let us define the following basis of fields:
ν
(0)
iR = ψ
(0)
iR ,
ν
(n)
iR =
ψ
(n)
iR + ψ
(−n)
iR√
2
, n = 1, . . . ,∞,
ν
(n)
iL =
ψ
(n)
iL − ψ(−n)iL√
2
, n = 1, . . . ,∞, (3.8)
and the combinations orthogonal to ν
(n)
iR and ν
(n)
iL which since they decouple from
the system we ignore them. In this basis the mass terms in Eq. (3.5) can be
written as LiMiRi, where L
T
i =
(
νiL, ν
(n)
iL
)
, RTi =
(
ν
(0)
iR , ν
(n)
iR
)
and
Mi = lim
n→∞

mDi
√
2mDi
√
2mDi
√
2mDi . . .
√
2mDi
0 1/RED 0 0 . . . 0
0 0 2/RED 0 . . . 0
...
...
...
...
. . .
...
0 0 0 0 · · · n/RED

. (3.9)
As can be seen the mass matrix Mi is not diagonal and so we will call the basis
of Li and Ri the “pseudo-mass” basis.
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The Schro¨dinger-like evolution equation of the whole physical states, that is
the active neutrinos and the KK modes ν
(n)
iL , including the matter potentials
(which in our case are induced by the Earth’s matter) can be written in the
pseudo-mass basis as (k = 1, 2, 3)
i d
dr
Lk =
1
2Eν
M †kMkLk +
3∑
j=1
Xkj 01×n
0n×1 0n×n
Lj

n→∞
, (3.10)
where Xkj =
∑
α U
∗
αkUαjVα, and
Vα = δeαVCC + VNC =
√
2GF
(
δeαNe − Nn
2
)
, (3.11)
where ne and nn are the electron and neutron number density profiles, respec-
tively. The same evolution equation applies to antineutrinos with the replacement
Xkj → −Xkj. Eq. (3.10) has the following explicit form [82]:
i
d
dr

ν1L
ν2L
ν3L
ν
(1)
1L
ν
(1)
2L
ν
(1)
3L
ν
(2)
1L
ν
(2)
2L
ν
(2)
3L
.
.
.
ν
(N)
1L
ν
(N)
2L
ν
(N)
3L

=
1
2ER2ED

η1 + V11 V12 V13 ξ1 0 0 2ξ1 0 0 · · · Nξ1 0 0
V21 η2 + V22 V23 0 ξ2 0 0 2ξ2 0 · · · 0 Nξ2 0
V31 V32 η3 + V33 0 0 ξ3 0 0 2ξ3 · · · 0 0 Nξ3
ξ1 0 0 1 0 0 0 0 0 · · · 0 0 0
0 ξ2 0 0 1 0 0 0 0 · · · 0 0 0
0 0 ξ3 0 0 1 0 0 0 · · · 0 0 0
2ξ1 0 0 0 0 0 4 0 0 · · · 0 0 0
0 2ξ2 0 0 0 0 0 4 0 · · · 0 0 0
0 0 2ξ3 0 0 0 0 0 4 · · · 0 0 0
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
Nξ1 0 0 0 0 0 0 0 0 · · · N2 0 0
0 Nξ2 0 0 0 0 0 0 0 · · · 0 N2 0
0 0 Nξ3 0 0 0 0 0 0 · · · 0 0 N2

×

ν1L
ν2L
ν3L
ν
(1)
1L
ν
(1)
2L
ν
(1)
3L
ν
(2)
1L
ν
(2)
2L
ν
(2)
3L
.
.
.
ν
(N)
1L
ν
(N)
2L
ν
(N)
3L

N→∞
, (3.12)
where ξi =
√
2miRED, Vij = 2ER
2
EDXij, and ηi = (N +
1
2
)ξ2i . An immediate
interpretation of the set of evolution equations in Eq. (3.10) is that, from the
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brane (y = 0) point of view, the KK modes ν
(n)
iL (for each i, and n = 1, 2, . . .)
constitute a tower of sterile neutrinos which their masses (and also the masses
of the active states νiL) can be obtained by the diagonalization of the matrix
M †iMi. The matrices M
†
iMi can be diagonalized by changing the basis from
pseudo-mass basis Li = (νiL, ν
(n)
iL )
T to the “true” mass basis L′i = (ν
′
iL, ν
′(n)
iL )
T ,
where L′i = S
†
iLi and S
†
iM
†
iMiSi = (M
†
iMi)diag. The active flavor neutrino states
ναL can be expanded in terms of the “true” mass basis as
ναL =
3∑
i=1
UαiνiL =
3∑
i=1
Uαi
∞∑
n=0
S0ni ν
′(n)
iL , (3.13)
where S0ni is the 0n element of the matrix Si and we defined ν
′(0)
iL ≡ ν ′iL. The
eigenvalues
(
λ
(n)
i
)2
of the matrices R2EDM
†
iMi are the roots of the following tran-
scendental equation [17]
λi − pi
(
mDi RED
)2
cot(piλi) = 0 . (3.14)
So the mass3 of each state ν
′(n)
iL in L
′
i is λ
(n)
i /RED. The matrix elements S
0n
i are
given by [17]
(
S0ni
)2
=
2
1 + pi2 (mDi RED)
2
+
(
λ
(n)
i
)2
/ (mDi RED)
2
. (3.15)
It can be shown that Eq. (3.14) has infinite number of solutions λ
(n)
i where n <
λ
(n)
i < n + 0.5. Thus, the masses of the KK modes ν
′(n)
iL (n 6= 0) are increasing
roughly as ∼ n/RED, while the contribution of the KK modes to the active
flavor states (that is S0ni ) decreases by increasing n. The decrease of the active-
sterile mixings by the increase of n means that the higher KK modes gradually
decouple from the evolution equation in Eq. (3.10), and so for an experimental
setup sensitive to a known energy range we need to consider only a finite number
3These are the masses in vacuum. The matter potentials will modify these masses in the
usual way.
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of the KK modes. It is easy to find the solutions of Eq.s (3.14) and (3.15) for
miRED  1 and miRED  1. In these limits we find:
mDi RED  1 :
λ
(0)
i = m
D
i RED
(
1− pi
2(mDi )
2R2ED
6
+ · · ·
)
,
S00i = 1−
pi2
6
(mDi )
2R2ED + · · · ,
λ
(k)
i = k +
(mDi )
2R2ED
k
+ · · · , (k = 1, 2, · · · ),
S0ki =
√
2mDi RED
k
+ · · · , (3.16)
mDi RED  1 :
λ(n) = (n+
1
2
)
(
1− 1
pi2(mDi )
2R2ED
+ · · ·
)
, (n = 0, 1, 2, · · · )
S0ni =
√
2
pimDi RED
. (3.17)
In the following we discuss the number of KK modes that should be considered
for the analysis of the IceCube atmospheric neutrino data.
In the high energy range (Eν & 0.1 TeV) the Earth’s matter effects dramati-
cally change the oscillation pattern of atmospheric neutrinos in the LED model.
The matter potentials modify the oscillation phases which lead to resonant con-
version of the active neutrinos to the KK modes comprising the tower of sterile
neutrinos with increasing masses. The resonance condition in the 2ν approxima-
tion of ν
(0)
iL − ν ′(n)iL system with the effective mixing angle denoted by ϑn is (See
Eq. (1.23))
∆m2
2Eν
cos 2θn =
(
λ
(n)
i
)2
−
(
λ
(0)
i
)2
2EνR2ED
cos 2ϑn = Vα . (3.18)
Due to the sign of Vα for the Earth’s matter (Ve > 0, while Vµ, Vτ < 0), the
resonance condition in Eq. (3.18) can be fulfilled for νe, ν¯µ and ν¯τ ; which means
that at energies satisfying the condition in Eq. (3.18) the νe (ν¯µ/τ ) converts to
the sterile flavor KK mode ν
(n)
sL (ν¯
(n)
sL ). The atmospheric neutrino flux at high
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energies is dominated by νµ and ν¯µ with the νe and ν¯e components suppressed at
least by a factor of ∼ 20 [92]. On the other hand, in this work we analyze the
so-called muon-track events in IceCube which originate from the charged current
interactions of νµ and ν¯µ with the nuclei in the detector. Thus, the main signature
of the LED model in the high energy atmospheric neutrinos is in the muon-flavor
survival probabilities. Before passing, let us mention two points. Firstly, in the
LED model for each flavor of the active neutrinos (or equivalently for each mass
eigenstate) there is a tower of KK modes. So, just by considering the first mode
(n = 1) three different mass-squared differences can be inserted in Eq. (3.18):(
λ
(1)
1
)2
−
(
λ
(0)
1
)2
R2ED
,
(
λ
(1)
2
)2
−
(
λ
(0)
2
)2
R2ED
and
(
λ
(1)
3
)2
−
(
λ
(0)
3
)2
R2ED
,
which lead to three different resonance energies. However, for RED . 10−4 cm the
first KK mode masses are large enough (for reasonable values of mDi ) such that all
the active-sterile mass-squared differences are almost equal and effectively there
is just one mass-squared difference for each n. The current upper limit on RED
from oscillation experiments is ∼ 10−4 cm [82] and so the three mass-squared
differences for each n are degenerate. Secondly, although for the numerical calcu-
lations in sections 3.3 and 3.5 we use the exact position-dependent mass density
profile of the Earth from the PREM model [30], in the analytical description of
the oscillation pattern we assume a constant average density ρ¯ = 5.5 g cm−3 for
the core-crossing atmospheric neutrinos. The resonances described in Eq. (3.18)
are constant density MSW resonances and the variability of matter density is not
playing a significant role except for the core crossing trajectories where the castle
wall configuration of mantle-core-mantle leads to the parametric resonances [93].
Let us study the series of resonance energies from Eq. (3.18). By increasing n,
cos 2ϑn → 1 and
(
λ
(n)
i
)2
∝ n2; so for the resonance energy of conversion to the nth
KK mode we obtain E
res,(n)
ν ' n22V R2ED . For
((
λ
(n)
i
)2
−
(
λ
(0)
i
)2)
/R2ED = 1 eV
2
the resonance energy for core crossing trajectories of ν¯µ (that is cos θz = −1)
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is4 ∼ 2.5 TeV. Thus, the series of resonance energies for the atmospheric ν¯µ
conversion to the KK modes (assuming cos θz = −1) are
Eres,(n)ν ' 10n2 TeV
(
10−5 cm
RED
)2
. (3.19)
For the neutrinos passing just the mantle (cos θz & −0.8) the resonance energies
are ' 16n2 TeV (10−5 cm/RED)2. At high energies (Eν & 0.1 TeV) in the
standard 3ν framework the muon-flavor survival probability is P (ν¯µ → ν¯µ) = 1;
while, qualitatively from Eq. (3.19), in the LED model a series of dips exist at
energies E
res,(n)
ν (n = 1, 2, . . .), which reflect the conversion of ν¯µ to the n
th KK
sterile states. The infinite number of resonance energies can be truncated at some
n for two reasons: 1) by increasing n the resonance energy increases while the
flux of atmospheric neutrinos decreases by the increase of energy as ∝ E−2.7ν . So,
the statistics at higher KK modes resonance energies are low and IceCube (or in
general any neutrino telescope) would not be sensitive to these KK modes. 2)
By the increase of n the mixing between the active and the nth KK mode states
decreases (sinϑn '
√
2mDi RED/n) which leads to less intense active to sterile
conversion. So the depth of resonance dips decrease by the increase of energy
and for the large values of n it is beyond the sensitivity reach of the detector.
In this chapter we analyze the atmospheric neutrino data collected during two
phases of IceCube construction IC-40 [89] and IC-79 [90] (the numbers mean that
at the period of data collection 40 and 79 strings bearing DOMs were deployed,
out of the final 86 strings). The energy range of IC-40 and IC-79 data sets are
(0.1− 400) TeV and (0.1− 10) TeV respectively5. Taking 100 TeV as the energy
where above it the statistics are too low, from Eqs. (3.18) and (3.19) the resonance
energies are within the energy range of IC-40 and IC-79 for n . 3 (RED/10−5 cm).
4The MSW resonance energy from Eq. (3.18) is ∼ 4 TeV. However, for trajectories passing
through the core of Earth the parametric resonance dominates at ∼ 2.5 TeV [93].
5The IC-79 data set consists of two high energy and low energy subsets [90]. For our analysis
the high energy subset is relevant which its energy range is (0.1− 10) TeV.
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By inserting the current upper limit RED . 10−4 cm it means that at least
∼ 30 KK modes should be taken into account in the calculation of oscillation
probabilities. On the other hand, IceCube is sensitive6 to the active-sterile mixing
angles sin2 2ϑn & 0.1 [10]. From Eq. (3.15) this sensitivity can be translated to
(assuming mDi RED  1)
n . 4.5
(
RED
10−5 cm
)max
[
mDi ,
√
∆m2atm
]
eV
 . (3.20)
The “max” function in the above relation comes from the fact that if mD1 → 0,
although the mixing between ν
(0)
1L and ν
(1)
1L vanishes, but the mixing between ν
(0)
3L
and ν
(1)
3L is still sizable because λ
(0)
3 =
√(
λ
(0)
1
)2
+R2ED∆m
2
atm is not zero. Plug-
ging the current bounds on mDi and RED from [82] into Eq. (3.20) we obtain n . 3.
Thus, practically very few KK modes contribute substantially to the oscillation
pattern of the atmospheric neutrinos. In the above discussion we assumed that
all the sensitivity of IceCube to the sterile neutrinos originate from the resonance
region; while the interference terms in lower energies are also important and so a
few more KK modes should be taken into account. As a conservative assumption,
in the numerical calculations of the next section we consider n = 5 KK modes in
the evolution equations.
3.3 Numerical calculation of the oscillation prob-
abilities
The oscillation probabilities of the active neutrinos can be found by solving the
set of evolution equations in Eq. (3.10). In the case of zero matter potential (in
6This is the sensitivity of IceCube from the analysis of zenith distribution of muon-track
events. Adding the energy information improves the sensitivity by a factor of few for resonance
energies . 10 TeV [8]. We elaborate more on this in section 3.5.
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vacuum), the oscillation probability of να → νβ is given by
Pνα→νβ =
∣∣∣∣∣
3∑
i=1
UαiU∗βi
∞∑
n=0
(S0ni )
2 exp(−i λ
(n)
i
2
L
2EνR2ED
)
∣∣∣∣∣
2
, (3.21)
where U is the 3 × 3 PMNS matrix, L is the baseline and Eν is the energy
of neutrinos. In the rest of this section we find the solutions of Eq. (3.10) for
nonzero matter potential. As we mentioned before, for the high energy atmo-
spheric neutrinos which is our interest in this work, the relevant channel is the
survival probability P (ν¯µ → ν¯µ), or more generally the oscillation probabilities of
νµ → να and ν¯µ → ν¯α.
As we discussed and justified in section 3.2, we consider n = 5 KK modes
in our numerical calculations. The initial conditions for the calculation of ν¯µ
oscillation probabilities in the pseudo-mass basis of Eq. (3.10) are Lji = δ
j
0U
∗
µi
(i = 1, 2, 3 are the indices of the 3 neutrino generations and j = 0, 1, · · · , n),
where Lji is the j
th component of Li (defined before Eq. (3.9)) and elements of the
PMNS matrix U are fixed to their best-fit values (see Eq. (1.4) and the discussion
after that) [25]. The values of mDi depend on the mass hierarchy of the active
neutrinos. For normal hierarchy (NH) mD2 =
√
(mD1 )
2 + ∆m221 (sol) and m
D
3 =√
(mD1 )
2 + ∆m231 (atm); and so m
D
1 and RED are the free parameters of the model.
For inverted hierarchy (IH) mD1 ' mD2 '
√
(mD3 )
2 + ∆m231 (atm); and so m
D
3 and
RED are the free parameters
7. However, in the high energy range (Eν & 0.1 TeV),
since the oscillations driven by ∆m2atm and ∆m
2
sol are suppressed and the first KK
7A technical note: To be precise, the relations between masses should be applied to the
eigenvalues λ
(0)
i , since the masses of the active neutrinos in the LED model is given by
λ
(0)
i /RED. Therefore, for example for the inverted hierarchy case, we would write λ
(0)
1 ' λ(0)2 '√(
λ
(0)
3
)2
+R2ED∆m
2
31 (atm). Then, by knowing the values of λ
(0)
1 and λ
(0)
2 we can calculate
mD1 and m
D
2 from Eq. (3.14), which can be used to calculate λ
(n)
i by the same equation. This
procedure have been discussed in detail in [94]. However, in the region of parameter space
where we are interested in (and also taking into account the current bounds), it can be shown
that applying the mass relations to mDi lead to the same results and we can ignore this technical
point.
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Region Radius (km) Density (gr cm−3)
Inner core 0− 1221.5 13.08− 8.83x2
Outer core 1221.5− 3480.0 12.58− 1.26x− 3.64x2 − 5.53x3
Lower mantle 3480.0− 5701.0 7.96− 6.47x+ 5.53x2 − 3.08x3
Transition zone 5701.0− 5771.0 5.32− 1.48x
5771.0− 5971.0 11.25− 8.03x
5971.0− 6151.0 7.11− 3.80x
LVZ 6151.0− 6291.0 2.69 + 0.69x
LID 6291.0− 6346.6 2.69 + 0.69x
Crust 6346.6− 6356.0 2.90
6356.0− 6368.0 2.60
Ocean 6368.0− 6371.0 1.02
Table 3.1: The density of different layers of the earth based on the PREM
model [30]. Here the variable x is the normalized radius x = R/R⊕, where
R⊕ = 6371.0 km.
mode is much heavier than the active neutrino states, the oscillation pattern is
the same for both NH and IH and so we show the oscillation probabilities just
for the NH case. Finally, in our numerical calculation, for the matter potential
Xkj in Eq. (3.10) we used the PREM model [30]. The Preliminary reference
Earth model (PREM) is a one-dimensional model representing the average Earth
properties as a function of the radius of the earth. The density of the different
layers of the earth from the PREM model is shown in Table 3.1.
As it was mentioned before, to find the evolution of neutrinos for a varying
density, we have to solve Eq. (3.10) numerically. Atmospheric neutrinos have a
huge energy range, from 10 GeV to 100 TeV. The baseline of the atmospheric ex-
periments can vary from a few km, to the diameter of the earth. The neutrinos are
produced in the atmosphere, in a thin layer around the earth. They cross various
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Figure 3.1: The trajectory of neutrinos inside the earth
layers of the earth and are detected in the underground/under-water/under-ice
detectors. Therefore, we deal with oscillations in multi-medium layer, and the
density is a function of the radius of different layers; therefore, a function of the
zenith angle of the earth:
r =
√
R2 +R2⊕ + 2RR⊕ cos θz,
where r is the distance neutrinos are traveling inside the earth after they are
produced in the atmosphere, R is the radius of different layers, and θz is the zenith
angle (See Fig. 3.1) (Here we are neglecting the depth of the detector inside the
earth the the hight the atmospheric neutrinos are produced.). The total distance
neutrinos travel to get to the underground detector is L = −2R⊕ cos θz. The
zenith angle θz = pi corresponds to the directions where neutrinos are coming
exactly from down, crossing the centre of the earth, hence passing through all
layers of the earth, while θz = pi/2 is for the horizontal direction. The atmospheric
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(a) P (ν¯µ → ν¯µ) (b) P (νµ → νµ)
(c) P (ν¯µ → ν¯τ ) (d) P (νµ → ντ )
Figure 3.2: The oscillation probabilities as function of neutrino energy Eν for
cos θz = −1. In all the panels mD1 = 0.01 eV and RED = 5× 10−5 cm. The oscil-
lation channel is denoted in each subcaption. In all panels, the gray dashed and
red solid curves are for the standard 3ν scheme and the LED model, respectively.
neutrinos passing through the earth can experience matter effect ∼ 1−15 gr/cm3.
Figures 3.2a and 3.2c show the oscillation probabilities of ν¯µ → ν¯µ and ν¯µ →
ν¯τ , respectively. Correspondingly, Figures 3.2b and 3.2d are for νµ oscillation
probabilities. In all the figures we assumed mD1 = 0.01 eV and RED = 5 ×
10−5 cm, and the plots are for neutrinos passing the diameter of the Earth, which
is cos θz = −1. The gray dashed and red solid curves are for the standard 3ν
scheme and the LED model, respectively. The resonances discussed in Eq. (3.18)
can be seen in Figure 3.2a. As we expected, the resonances exist just for ν¯µ. For
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RED = 5× 10−5 cm, Eq. (3.19) gives
Eresν = (0.4, 1.6, 3.6, 6.4, 10) TeV
for the first five resonance energies which match the position of dips in Figure 3.2a.
The decreasing depth of the dips for the higher KK modes is a consequence of
the decreasing mixing angle between ν
(0)
iL and ν
(n)
iL (sinϑn ∝ 1/n). The νµ → νe
and ν¯µ → ν¯e oscillation probabilities are not shown since in both 3ν scheme and
the LED model the matter potential Ve suppresses oscillation and the oscillation
probability is zero for Eν & 0.1 TeV. The nonzero oscillation probability ν¯µ → ν¯τ
in Figure 3.2c, showing as peaks at the resonance energies, are due to the ν¯τ− ν¯(n)s
mixings (we will discuss it in section 3.4, see also [9, 95]).
The oscillation probabilities for the trajectories passing the mantle (cos θz &
−0.8) are qualitatively similar to Figure 3.2, while the resonances are at
Eresν = (0.64, 2.56, 5.76, 10.24, 16) TeV
(for the same values of mD1 and RED as in Figure 3.2) and the dips are less
profound due to the absence of the parametric resonance for these trajectories.
In Figure 3.2 the oscillation probabilities are shown for fixed values of mD1
and RED. However, to confront the IceCube data with the expectation from the
LED model, we would scan all the parameter space of (mD1 , RED). We will report
the result of this analysis in section 3.5. In the next section we elaborate on the
interpretation of Figure 3.2 in terms of the (3 + n) scenario.
3.4 The equivalence between the LED and (3+n)
models
The KK modes in the LED model resemble a tower of sterile neutrinos from
the brane point of view. There is a tower of sterile neutrinos for each flavor
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of the active neutrinos (or equivalently for each mass eigenstates of the active
neutrinos), so an LED model with n KK modes can be considered as a (3 + 3n)
model consisting of 3 active neutrinos and 3n sterile neutrinos. The translation of
the LED model to a (3 + 3n) model provides a better intuitive understanding of
the results presented in the previous section, especially since there are already a
rich literature on the oscillation pattern of the high energy atmospheric neutrinos
in the (3 + 1) model [10, 8, 9, 85, 95, 96, 37], which can be easily generalized to
the (3 + 3n) model.
Let us briefly summarize the active-sterile mixing in the (3 + 3n) model. The
mixing matrix in this scenario is a (3 + 3n) × (3 + 3n), unitary matrix W3+3n
which can be parametrized by (3n + 3)(3n + 2)/2 mixing angles. Among these
mixing angles, there are 3 active-active (θ12, θ13, θ23) and 3 × 3n active-sterile
(θi,j, i = 1, 2, 3 and 4 ≤ j ≤ 3n) mixing angles, while 3n(3n−1)/2 angles quantify
the sterile-sterile mixings of the 3n sterile states (θl,m, 4 ≤ l < m ≤ 3n). Since
the sterile states do not enter the charged current interactions, these angles are
not relevant to the phenomenology of the active neutrinos on the brane. We
parametrize this mixing angle as following (we assume CP symmetry in lepton
sector):
W3+3n =
3+3n∏
j=2
(
j−1∏
i=1
Rij(θij)
)
, (3.22)
where the ordered product is defined as
∏k
i=1 Ai = AkAk−1 . . . A1, and Rij(θij) is
the rotation matrix in the ij plane by the angle θij. The active flavor states ναL
are related to the mass eigenstates νj by
ναL =
3+3n∑
j=1
(W3+3n)αj νj . (3.23)
By identifying the mass eigenstates ν
′(q)
iL ≡ ν3q+i (where q is the KK index, and
i = 1, 2, 3), the comparison of Eq. (3.23) and Eq. (3.13) enables us to derive
the values of the elements of mixing matrix W3+3n in terms of the LED model
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parameters, which are RED and m
D
1 . Let us calculate the active-eterile mixing
angles for the case of only 1 KK mode. In this case the mixing matrix becomes
W3+3 = R56(θ56) · · ·R16(θ16)R45(θ45) · · ·R15(θ15)
× R34(θ34)R24(θ24)R14(θ14)R23(θ23)R13(θ13)R12(θ12). (3.24)
Therefore, the relation between the flavor and mass eigenstates in Eq. (3.23) for
n = 1 is given by
ναL =
6∑
j=1
(W3+3)αj νj
= (W3+3)α1 ν
′(0)
1L + (W3+3)α2 ν
′(0)
2L + (W3+3)α3 ν
′(0)
3L
+ (W3+3)α4 ν
′(1)
1L + (W3+3)α5 ν
′(0)
2L + (W3+3)α6 ν
′(0)
3L . (3.25)
On the other hand, from Eq. (3.13) we have
ναL = Uα1S
00
1 ν
′(0)
1L + Uα2S
00
2 ν
′(0)
2L + Uα3S
00
3 ν
′(0)
3L
+ Uα1S
01
1 ν
′(1)
1L + Uα2S
01
2 ν
′(1)
2L + Uα3S
01
3 ν
′(1)
3L . (3.26)
By comparing Eq. (3.25) and Eq. (3.26), we find that (W3+3)α 3m+p = UαpS
0m
p ,
or equivalently
(W3+3)α1 = Uα1S
00
1 ,
(W3+3)α2 = Uα2S
00
2 ,
(W3+3)α3 = Uα3S
00
3 ,
(W3+3)α4 = Uα1S
01
1 ,
(W3+3)α5 = Uα2S
01
2 ,
(W3+3)α6 = Uα3S
01
3 .
(3.27)
Finally using the parametrization of W3+3 in Eq. (3.24) we can explicitly find the
relation of the active-sterile mixing angles as a function of the LED parameters
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for 1 KK mode:
s16 = Ue3S
01
3 , (3.28)
s15 =
Ue2S
01
2
c16
, (3.29)
s14 =
Ue1S
01
1
c16c15
, (3.30)
s26 =
Uµ3S
01
3
c16
, (3.31)
s25 =
s15s16s26 + Uµ2S
01
2
c15c26
, (3.32)
s24 =
s14(−c26s15s25 − c15s16s26)− Uµ1S011
c14c25c26
, (3.33)
s36 =
Uτ3S
01
3
c16c26
, (3.34)
s35 =
−c26s15s16s36 − c15s25s26s36 − Uτ2S012
c15c25c36
, (3.35)
s34 = (−c25c36s14s15s35 − c14c36s24s25s35 − c15c26s14s16s36 − c14c25s24s26s36
+ s14s15s25s26s36 − Uτ1S011 )/(−c14c24c35c36), (3.36)
where sij (cij) ≡ sin θij (cos θij).
In order to elaborate on this equivalence between the LED model and the
(3 + 3n) model, in Figure 3.3 we compare the oscillation probabilities calculated
in both models. In both panels of Figure 3.3 the red solid curve is for the LED
model, the same as the one shown in Figure 3.2, with 5 KK modes. The dashed
blue line corresponds to (3 + 3n) scenario with n = 3. The dashed blue line is
obtained by solving the following evolution equation
i
dνα
dr
=
[
1
2Eν
W3+3nM
2W †3+3n + V(r)
]
αβ
νβ , (3.37)
where α, β = e, µ, τ, s1, . . . , s3n (the si is the i
th sterile flavor eigenstate). The
elements of W3+3n are obtained the same way we calculated W3+3; and M
2 is a
(3+3n)×(3+3n) diagonal matrix where the elements are mass-squared differences
M2 = diag
(
0,∆m221,∆m
2
31,∆m
2
41, . . . ,∆m
2
3+3n,1
)
,
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where for the qth KK mode (q ≥ 1 and we are assuming mD1 RED  1)
∆m23+q,1 = ∆m
2
3+q+1,1 = ∆m
2
3+q+2,1 =
q2
R2ED
.
The potential matrix in Eq. (3.37) is given by
V(r) =
√
2GFdiag
(
Ne(r), 0, 0,
1
2
Nn(r), . . . ,
1
2
Nn(r)
)
.
Since we are assuming n = 3 in (3 + 3n) scenario, in the comparison of the LED
model with n = 5 KK modes the oscillation probabilities in both models should
match up to the third KK mode and for higher KK modes deviations should
appear.
Figures 3.3a and 3.3b show the oscillation probabilities P (ν¯µ → ν¯µ) and
P (ν¯µ → ν¯τ ), respectively. As can be seen in panel (a), the probabilities match
up to the third KK mode; the same is in panel (b), although since the peaks are
very small the deviation in higher KK modes is not visible. In panel (a) clearly
the deviation can be seen for the fourth and fifth KK mode resonances. Now,
with the equivalence we are discussing in this section, it is easy to understand
the peak in panel (b). It originates from the nonzero value of (W3+3n)τj, that is
the mixing between ντ and the sterile states. This effective conversion of ν¯µ → ν¯τ
when (W3+3n)τj 6= 0 has been already studied in the literature [9, 95]. In fact this
effective conversion is the source of the sensitivity of the cascade events in Ice-
Cube to θ3,3+3n angles, which are poorly constrained by the current experiments
(see the discussion in [9]).
Although we discussed the equivalence between the LED model with n KK
modes and (3 + 3n) scenario, this equivalence can be further simplified to the
(3 + n) scenario. As we mentioned in section 3.2, for RED . 10−4 cm 8 even the
first KK mode states are much heavier than the active neutrino states and so
8If RED ∼ 10−4 cm, the related mass squared difference for the first KK mode becomes
∆m241 = 1/R
2
ED = 0.04 eV
2; therefore, the mass of the first mostly sterile state would be
m4 ∼ 0.2 eV.
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Figure 3.3: Comparison of the oscillation probabilities calculated in the LED and
the (3 + 3n) models. For the LED model, we assume 5 KK modes, mD1 = 0.01 eV
and RED = 5 × 10−5 cm. For the (3 + 3n) scenario we assume n = 3 sterile
neutrino states. Oscillation probabilities are for neutrinos passing the diameter
of Earth (cos θz = −1). As can be seen up to the third KK mode the calculation in
both models agree. By considering (3+3n) scenario with larger n this agreement
extends to higher KK modes.
effectively the three states ν
′(n)
1L , ν
′(n)
2L and ν
′(n)
3L of the n
th KK mode are degenerate
in mass. Thus, in principle it would be possible to redefine the states in each
KK mode in such a way that, in two flavors approximation of the active-sterile
oscillation, just one of the new states mixes with the active neutrinos and the
other two decouple. By this redefinition of states, the LED model with n KK
modes would be equivalent (at two flavors approximation) to the (3 + n) model,
which has much fewer mixing parameters than the (3+3n) model. In the following
we elaborate on this equivalence and derive the corresponding effective mixing
parameter values in the (3 + n) model.
In the phenomenology of the high energy atmospheric neutrino oscillation in
the presence of the sterile neutrinos it is always possible to reduce the active-
sterile mixing patterns to the two-flavor systems of νe−νsp , νµ−νsp and ντ −νsp .
In this approximation the oscillation of νe, νµ and ντ flavors to the p
th sterile state
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νsp can be described by the effective mixing angles ϑep, ϑµp and ϑτp respectively.
In the LED model the expansion of the active flavor neutrino states in terms of
the mass eigenstates in Eq. (3.13) can be written as
νeL
νµL
ντL
 =
∞∑
n=0
US(n)

ν
′(n)
1L
ν
′(n)
2L
ν
′(n)
3L
 , (3.38)
where U is the PMNS matrix and S(n) is a 3 × 3 diagonal matrix with the
elements S(n) = diag(S0n1 , S0n2 , S0n3 ). For a fixed n ≥ 1 we can change the basis
(ν
′(n)
1L , ν
′(n)
2L , ν
′(n)
3L ) to a new basis (ν˜
(n)
1L , ν˜
(n)
2L , ν˜
(n)
3L )α such that in this new basis just
ν˜
(n)
1L α contributes to ναL state and the two states ν˜
(n)
2L α and ν˜
(n)
3L α decouple from
the active neutrino ναL and just contribute to the sterile flavor states. Let us do
these calculations explicitly. We can expand Eq. (3.38) for a fixed n, similar
ναL = Uα1S
00
1 ν
′(0)
1L + Uα2S
00
2 ν
′(0)
2L + Uα3S
00
3 ν
′(0)
3L
+ Uα1S
01
1 ν
′(1)
1L + Uα2S
01
2 ν
′(1)
2L + Uα3S
01
3 ν
′(1)
3L + · · · . (3.39)
The new state ν˜
(n)
1L α will be defined as
ν˜
(n)
1L α :=
1
N
(n)
α
3∑
i=1
UαiS
0n
i ν
′(n)
iL , (3.40)
where N
(n)
α =
√∑3
i=1 |UαiS0ni |2 is a normalization constant. Thus Eq. (3.39)
takes the form
ναL =
3∑
i=1
UαiS
00
i ν
′(0)
iL +
∞∑
n=1
N (n)α ν˜
(n)
1L α, (3.41)
and as far as the evolution of να is concerned, the model is effectively a (3 + n)
model. So, in the two-flavor system of να− νsn the effective mixing angle is given
by (for n ≥ 1)
sinϑαn = N
(n)
α =
[
3∑
i=1
∣∣UαiS0ni ∣∣2
]1/2
. (3.42)
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Figure 3.4: The effective mixing angles (ϑen, ϑµn, ϑτn) in the (3+3) scenario which
is equivalent to the LED model with 3 KK modes. In all the plots the solid and
dashed curves correspond respectively to mD1 = 0.01 eV and 0.1 eV.
Figure 3.4 shows the corresponding effective active-sterile mixing angles of the
(3+3) scenario equivalent to the LED model with 3 KK modes (n = 3), as function
of RED for m
D
1 = 0.1 eV (dashed curves) and 0.01 eV (solid curves). The peak-
shape behavior of the curves in all the panels originate from the behavior of S0ni . It
can be shown from Eq. (3.15) that the maxima of S0ni occur at m
D
i RED '
√
n/pi.
This condition is easily obtained from Eq. (3.15) by putting λ
(n)
i ∼ n. We will
call it the maximum condition hereafter. In fact in each curve of Figure 3.4 there
are three peaks at values of RED derived from
9 mDi RED '
√
n/pi for i = 1, 2, 3;
9Notice that there are few percent uncertainties in this computation since we are approxi-
mating λ
(n)
i ' n; while more accurately λ(n)i is a number between n and n+ 1/2.
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and the relative heights of these peaks are controlled by the relative size of Uαi
(where α = e, µ and τ , respectively for ϑen, ϑµn and ϑτn). However, as far as
mD1 &
√
∆m2atm, since in this case m
D
1 ∼ mD2 ∼ mD3 , hence S0n1 ∼ S0n2 ∼ S0n3 ,
and due to the unitarity of the U matrix, Eq. (3.42) will become sinϑαn = S
0n
1 .
Therefore, the three peaks for α = e, µτ coincide and effectively one peak can be
recognized. This coincidence of the peaks can be seen for the case mD1 = 0.1 eV
depicted by the black dashed curves in Figure 3.4. For mD1 = 0.1 eV and n = 1,
from maximum condition we obtain RED ' 1.1 × 10−4 cm which agrees with
the peak’s positions of black dashed curves in Figure 3.4. For higher KK modes
the peak position slightly moves to the larger RED, proportional to
√
n. The
separation of peaks is visible for smaller values of mD1 . Let us consider the case
mD1 = 0.01 eV depicted by solid curves in Figure 3.4. In this case m
D
2 ' mD1
while mD3 '
√
∆m2atm = 0.05 eV. Thus, for n = 1, the maximum condition
leads to two peaks at RED ' 2.3 × 10−4 cm and 1.1 × 10−3 cm which clearly
can be identified in the black solid curves of Figures 3.4b and 3.4c. The first
peak (which is due to mD3 ) is not visible in the black solid curve of Figures 3.4a
since it is suppressed by the small value of Ue3. For higher n, again the peaks
slightly move to larger RED (compare different colors of solid curves in each
panel). For mD1 .
√
∆m2sol ' 9 × 10−3 eV a third peak in large values of RED
will develop. However, notice that for mD1 → 0 the position of peaks originating
from mD2 =
√
∆m2sol and m
D
3 =
√
∆m2atm do not change, which means that
always there are two peaks at RED = 2.3× 10−4 cm and 1.3× 10−3 cm for both
ϑµn and ϑτn. Thus, we can immediately conclude that for m
D
1 . 10−2 eV the
sensitivity of IceCube to the LED model is independent of the value of mD1 . By
inspecting the black solid curve in Figure 3.4b, it can be seen that sin2 2ϑµ1 ' 0.1
for RED ' 5 × 10−5 cm and so IceCube would be able to constrain RED at this
level for mD1 . 10−2 eV.
Let us discuss the case of mD1 & 0.1 eV. In this case, as can be seen also
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from the dashed curves in Figure 3.4, all the three peaks coincide (since mD1 '
mD2 ' mD3 ) at RED '
√
n/pi/mD1 . This means that by increasing m
D
1 , IceCube
will be sensitive to smaller values of RED such that the sensitivity contour in the
log-log plot of (RED,m
D
1 ) plane will be a straight line with the slope −1. The
intercept of this line can be estimated from Figure 3.4. From the black dashed
curve in Figure 3.4b, it can be seen that sin2 2ϑµ1 ' 0.1 for RED ' 2× 10−5 cm.
From this we conclude that IceCube would be able to constrain LED radius
down to RED ' 2× 10−6(eV/mD1 ) cm for mD1 & 0.1 eV. We should mention that
large values of mD1 have severe conflicts with the bounds on neutrino mass from
cosmological considerations such that mD1 & 1 eV can be ruled out robustly [97].
3.5 Constraining the LED model with the Ice-
Cube data
In section 3.3 we calculated the flavor oscillation probabilities of the high energy
atmospheric neutrinos in the LED model. In this section we analyze the collected
atmospheric data in IceCube to search for the signatures of the LED model in
the zenith distribution of events. Although, as we have shown in section 3.4, the
oscillation probabilities can be calculated in the equivalent (3 + 3n) or (3 + n)
scenarios, for the analysis of this section the calculations have been done in the
original LED model assuming 5 KK modes. However, for the interpretation of
the results obtained in this section, we extensively use the terminology of the
(3 + n) scenario, that is the effective mixing angles in Eq. (3.42).
We analyze two sets of the IceCube data, IC-40 [89] and IC-79 [90].These data
sets provide the zenith distribution of events and so in our analysis we would
consider just the integrated number of events over the energy. We will discuss
later the improvements that can be achieved by adding the energy information
of events. The number of the muon-track events in the ith bin of the zenith angle
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Figure 3.5: The conventional flux of the atmospheric neutrinos for ν¯µ (the red
dashed curve) and ν¯e (the blue dotted curve), taken from [92]. The brown solid
curve shows an E−2.7 power law for comparison.
∆i cos θz can be calculated by
Ni = T∆Ω
∑
α=e,µ
{ ∫
dE
∫
∆i
d cos θzA
ν
eff(E, cos θz)
× Φνα(E, cos θz)P (να → νµ)
}
+ (ν → ν¯) , (3.43)
where T is the data-taking period, 359 and 319 days respectively for IC-40 and
IC-79; ∆Ω = 2pi is the azimuthal acceptance of the IceCube detector, Φνα is the
atmospheric να flux and A
ν
eff is the neutrino effective area. Finally, the P (να →
νµ) in Eq. (3.43) is the neutrino oscillation probability which is discussed in
section 3.3.
The conventional atmospheric neutrino flux Φνα in energy E > 100 GeV is
mainly composed of νµ and ν¯µ which are produced by the interactions of the
primary cosmic rays with the nuclei in the atmosphere of the earth. The interac-
tions of the primary cosmic rays with the nuclei in the atmosphere produce pions
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(a) IceCube-40 νµ effective area (b) IceCube-40 ν¯µ effective area
(c) IceCube-40 νµ effective area (d) [ceCube-40 ν¯µ effective area
Figure 3.6: The effective area of IC-40 experiment for νµ (panels a and c) and
ν¯µ (panels b and d) as a function of energy and zenith angle, taken from [10].
and kaons. These mesons decay into muon and muon neutrinos, while muons
themselves decay into electrons and electron/muon neutrinos. Therefore, in low
energies (Eν < 1 GeV), the flux of muon (anti-) neutrinos is 2 times more than
the flux of the electron (anti-)neutrinos. However, in the range of energy we are
interested in our work, the flux of νe is more than 1 order of magnitude smaller.
Although the νe and ν¯e atmospheric fluxes at high energies are quite small, we
consider them for the sake of completeness. The flux of the tau neutrinos is
negligible in this energy range. The conventional atmospheric flux of νµ, ν¯µ, νe
and ν¯e for energies above 10 GeV and different bins of zenith angle is published
in [92]. In Fig. 3.5 we have shown the flux of atmospheric neutrinos for ν¯µ (the
119
red dashed curve) and ν¯e (the blue dotted curve). As the figure shows, the flux
decreases rapidly, approximately ∝ E−2.7 in GeV-TeV energy range (The solid
brown curve). Hence, the calculated neutrino flux decreases rapidly with the
increasing energy.
The neutrino effective area Aνeff in Eq. (3.43) is defined as the equivalent
area of the detector for which the probability of the neutrino detection would be
100%. In principle, the concept of the neutrino effective area is used to describe
the response of the detector to the flavor, energy and zenith angle distribution
of neutrinos. For IC-40 we have taken Aνeff from [10] (See Fig. 3.6). Since the
effective area of IC-79 is not published yet, we have estimated it using the already
known effective area of IC-40, by rescaling it in a way that the simulated expected
number of events for IC-79 was produced, as explained in [87].
We analyze two sets of the IceCube data, IC-40 [89] and IC-79 [90], con-
sisting of the muon-track events induced by the atmospheric neutrinos. The
IC-40 experiment which has measured the atmospheric flux in the energy range
(0.1 − 400) TeV, uses data from 359 days of livetime, while operating on a 40-
string configuration of the whole detector. The IC-79 experiment with a livetime
of 319 days has used 79 detector strings to measure atmospheric neutrinos in
energy range of (0.1 − 10) TeV. The data of these experiments as a function of
the zenith angle are shown in Fig. 3.7 and Fig. 3.8.
To confront the LED model with the IceCube data and probing the LED
parameters, we define the following χ2 function:
χ2
(
mD1 , RED;α, β
)
=
10∑
i=1
{
Ndatai − α [1 + β (0.5 + (cos θz)i)]Ni(mD1 , RED)
}2
σ2i,stat + σ
2
i,sys
+
(1− α)2
σ2α
+
β2
σ2β
, (3.44)
where Ndatai is the observed number of events in the i
th bin of the zenith angle
∆i cos θz, taken from Fig. 3.7 and Fig. 3.8. For both IC-40 and IC-79 we take 10
equal bins of zenith angle and so the up-going muon-track events are divided to
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Figure 3.7: IC-40: The cos θz distribution of data and simulation. Plot taken
from [89].
zenith bins with width ∆i cos θz = 0.1. The Ni(m
D
1 , RED) is the expected number
of events in the ith bin, given by Eq. (3.43), in the LED model with parameters mD1
and RED. The parameters α and β take into account respectively the correlated
systematic uncertainties of the normalization and the tilt of the atmospheric
neutrino flux, with σα = 0.24 and σβ = 0.04 [92]. The σi,stat =
√
Ndatai is
the statistical error and σi,sys = fNi is the uncorrelated systematic uncertainty
quantified by the parameter f , where f = 7% for IC-40 and f = 2% for IC-79.
The marginalization of χ2 function with respect to α and β gives the constraint
on the LED parameters. The LED model do not improve the fit to the data as
can be seen by comparing the values of χ2 at best-fit points in the standard 3ν
scheme and the LED model reported in Table 3.2. Thus, the data of IceCube can
be used to constrain the LED parameters.
Figure 3.9 shows the allowed region in the plane (RED,m
D
1 ) from the analysis
of IceCube data. The red dot-dashed and blue dashed curves show the 2σ con-
tours obtained from IC-40 and IC-79 data sets respectively. As we discussed in
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Figure 3.8: IC-79: The Data and Monte Carlo expectation. Plot taken from
[90].
section 3.4, these contours consist of two parts: a vertical part for mD1 . 0.1 eV
and a straight line with slope -1 for mD1 & 0.1 eV. In section 3.4 we estimated also
the position of these parts, that is the intercepts of these lines: RED ' 5×10−5 cm
for mD1 . 0.1 eV and RED ' 2× 10−6 cm for mD1 ' 1 eV which are in agreement
with Figure 3.9.
In Figure 3.9 the green and orange shaded regions show the 2σ level preferred
values of mD1 and RED from the reactor and gallium anomalies, respectively for
data set χ23ν,min χ
2
LED,min
IC-40 10.1 9.7
IC-79 8.9 9.0
Table 3.2: Comparing the goodness of fit between the 3ν scheme and the LED
model for IC-40 and IC-79 data sets.
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NH and IH, taken from [84]. The brown dotted and purple double-dot-dashed
curves show the sensitivity of the KATRIN experiment to the LED parameters
at 90% C.L., respectively for NH and IH, taken from [94]. Finally, the black solid
curve shows the sensitivity of IceCube at 99% C.L., by considering the energy
information of events and assuming 3 times of IC-79 data, which is available
now. In the following we discuss each of the components in Figure 3.9 and
their implications. In fact the equivalence of the LED and the (3 + n) models,
constructed in section 3.4, helps us to easily interpret Figure 3.9.
Very concisely, the reactor [98] and gallium [35] anomalies are respectively
the deficits in the number of events observed in the short baseline reactor and
calibration of the solar neutrino experiments, which point to P (νe(ν¯e)→ νe(ν¯e)) 6=
1 over short distances that obviously cannot be accommodated in the standard
3ν scheme. These deficits can be interpreted in the (3+n) scenario by the νe−νs
mixing that leads to the oscillation of νe and ν¯e to the sterile neutrino states
which escape from detection in the detectors [39]. Thus, reactor and gallium
anomalies require ϑen 6= 0 or in the simplest (3 + 1) scenario ϑe1 ≡ θ14 6= 0. In
a generic (3 + n) scenario the mixing angles ϑen, ϑµn and ϑτn are independent
parameters that can take any value. On the other hand, the IceCube muon-
track data is not sensitive to ϑen angles. Also, as it is shown in [9], the IceCube
cascade data is not sensitive to the values of ϑen preferred by reactor and gallium
anomalies. Thus, in a generic (3 + n) scenario for the interpretation of these
anomalies, IceCube cannot provide an independent check. However, this is not
the case in the LED model. For the LED model, all the angles in the equivalent
(3+n) scenario are inter-related and non-vanishing ϑen lead to non-vanishing ϑµn
and ϑτn. Thus, since the IceCube muon-track data can probe ϑµn and ϑτn, it is
possible to probe the LED interpretation of reactor and gallium anomalies which
have been proposed in [84]. As can be seen from Figure 3.9, as a result of this
work we find that the IC-40 and IC-79 data can exclude a part of the preferred
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Figure 3.9: The allowed regions for LED model in the plane (RED,m
D
1 ). The
red dashed and blue dot-dashed curves are obtained from the analyses of IC-
40 and IC-79 data sets, respectively, at 2σ C.L.. The green and orange shaded
regions are the preferred regions by reactor and gallium anomalies at 2σ C.L.,
respectively for NH and IH, taken from [84]. The brown dotted and violet dashed
curves show the sensitivity of KATRIN, at 90% C.L., respectively for NH and IH,
taken from [94]. The black solid curve shows the sensitivity of IceCube to LED
model at 99% C.L., assuming 3 times larger statistics than IC-79 and taking into
account the energy information of events.
region by these anomalies.
It is possible to probe the green and orange shaded regions in Figure 3.9 by
considering the energy information of IceCube data. Since the energy information
of IceCube data is not publicly available we estimate the sensitivity of IceCube
124
assuming a data set 3 times the IC-79 data set (which already are collected).
The sensitivity of IceCube to the sterile neutrinos after taking into account the
energy information has been calculated in [8]. From the Figure 10 of [8] it can be
seen that, by considering the energy information, IceCube can probe the sterile
neutrino mixing sin2 2ϑµ1 ' 0.02 for ∆m241 . 1 eV2. Using the equivalence
constructed in section 3.4 this sensitivity can be translated to the sensitivity of
IceCube to the LED model. From the mixing angles plotted in Figure 3.4, we
can check that sin2 2ϑµ1 ' 0.02 at RED ' 3 × 10−5 cm for mD1 . 0.1 eV; and at
RED ' 10−6(eV/mD1 ) cm for mD1 & 0.1 eV, which are in agreement with the black
solid curve in Figure 3.9. As can be seen, although the current data exclude only a
small part of the region allowed by the reactor and Gallium anomalies, considering
the energy information of atmospheric neutrino data can almost exclude all the
favored regions (or to confirm the interpretation of these anomalies in terms of
LED model). Performing such an analysis (i.e., taking into account the energy
binning) requires detailed information of IceCube detector which is not available
now. However, with the already collected data the IceCube collaboration can
perform this analysis.
The other way of probing the regions preferred by the reactor and gallium
anomalies is the KATRIN experiment (the brown dotted and purple double-dot-
dashed curves in Figure 3.9). As can be seen, for both NH and IH cases, the
KATRIN can completely exclude the green and orange shaded regions.
3.6 Conclusions
An added bonus of the LED model is the explanation of the small neutrino
masses which can be achieved by introducing singlet fermions living in the bulk
of the extra dimensions. From the brane point of view these fermions constitute
towers of the sterile neutrinos with increasing masses (the so-called KK modes)
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that mix with the active neutrinos and so can affect the phenomenology of the
neutrino flavor oscillations. In fact, this picture can be favored due to the recent
observed anomalies in the short baseline oscillation experiments which hint on
the presence of one (or more) sterile neutrino state(s). On the other hand, the
existence of these sterile neutrinos can significantly change the oscillation pattern
of the high energy atmospheric neutrinos observed by the IceCube experiment.
In this chapter we studied these effects and developed a framework to interpret
them.
The mixing of the KK modes of the bulk fermions with the active neutrinos
lead to the resonant conversion of ν¯µ to the undetectable sterile neutrinos at
high energies. The resonance originates from the matter effects (constant density
MSW resonance) during the propagation of the atmospheric neutrinos through
the Earth and would lead to the distortions in the zenith and energy distributions
of the muon-track events at the IceCube detector. IceCube has already published
two sets of the atmospheric neutrino data (IC-40 and IC-79) and in this chapter
we analyzed them in the search of features predicted by the LED model.
We obtained the limits on the LED parameters (especially the radius of extra
dimension RED) by analyzing the zenith distributions of IC-40 and IC-79 data.
For mD1 . 0.1 eV the upper limit RED ≤ 4× 10−5 cm (at 2σ level) have been set
by the IceCube data and is independent of the value of mD1 . For m
D
1 & 0.1 eV the
limit depends on the value of mD1 and is stronger: RED . 3× 10−6(eV/mD1 ) cm.
These bounds can exclude some parts of the parameter space preferred by the
reactor and gallium anomalies.
We have also discussed the prospect of improving the bounds by taking into
account the energy distribution of the muon-track events in the IceCube. We
have shown that with a sample of data three times larger than the IC-79 data
set (which is already collected by the IceCube detector from its completion at
December/2010 till now) it would be possible to exclude the 2σ preferred region
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by the reactor and gallium anomalies.
As a tool for interpreting the obtained results in this chapter, we developed an
equivalence between the LED model and the phenomenological (3 + n) scenarios
which have been studied extensively in the literature. This equivalence provides a
clear and intuitive picture of the oscillation pattern of the atmospheric neutrinos
in the LED model and have been used in this chapter to explain the features
obtained by the numerical calculations.
Chapter 4
Hidden Interaction of the Sterile
Neutrinos
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False facts are highly injurious to the progress of science,
for they often insure long; but false views, if supported by
some evidence, do little harm, for everyone takes a salutary
pleasure in proving their falseness.
Charles Darwin
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1 Recent results from neutrino experiments show evidence for light sterile
neutrinos which do not have any Standard Model interactions. In this chapter
we study the hidden interaction of sterile neutrinos with an ”MeV scale” gauge
boson (the νsHI model) with mass MX and leptonic coupling g
′
l. By performing
an analysis on the νsHI model using the data of the MINOS neutrino experiment
we find that the values above GX/GF = 92.4 are excluded by more than 2σ
C.L., where GF is the Fermi constant and GX is the field strength of the νsHI
model. Using this model we can also probe other new physics scenarios. We
find that the region allowed by the (g − 2)µ discrepancy is entirely ruled out for
MX . 100 MeV. Finally, the secret interaction of sterile neutrinos has been to
solve a conflict between the sterile neutrinos and cosmology. It is shown here that
such an interaction is excluded by MINOS for g′s > 1.6 × 10−2. This exclusion,
however, does depend on the value of g′l.
The chapter is organized as follows: we present the introduction of the hidden
interaction of the sterile neutrinos in Section 4.1. In Section 4.2 we discuss the
formalism. Section 4.3 is devoted to the analysis of the hidden interaction model
using the data of the MINOS experiment. We summarize our conclusions in
Section 4.4.
4.1 Introduction: The secret interaction of the
sterile neutrinos
Most of the data collected from the neutrino oscillation experiments are in agree-
ment with the 3-neutrino hypothesis. However, the observation of a deficit of
electron anti-neutrinos produced in the reactors [101, 102], together with the
results of the MiniBooNE experiment [103] which shows evidence for νµ → νe
conversion cannot be explained by the usual 3ν scenario [104]. The most popu-
1This chapter is prepared based on my work published in [99].
130
lar way to clarify these anomalies is to assume there exists 1 (or more) neutrino
state(s) which does not have any weak interaction (therefore is sterile), but can
mix with the active neutrinos in the SM and change their oscillation behavior pat-
tern. In this way the flavor and mass eigenstates of neutrinos are related through
the (3+n)× (3+n) unitary matrix U (with n being the number of sterile states):
να =
∑3+n
i=1 U
∗
αiνi. In the most simple case of only 1 sterile neutrino this matrix
would be parametrized by the active-active mixing angles (θ12, θ13, θ23) as well
as 3 active-sterile mixing angles (θ14, θ24, θ34). Then the oscillation probability
of neutrinos would be described using the active-active and active-sterile mixing
angles, as well as the mass squared differences ∆m221, ∆m
2
31 and ∆m
2
41, where
∆m2ij ≡ m2i −m2j .
Although most of the anomalies seen in the neutrino sector are in favor of the
sterile models with mass ∼ 1 eV, there are conflicts between the sterile hypothesis
and cosmology. Such light additional sterile states thermalize in the early universe
through their mixing with the active neutrinos; therefore, we effectively have
additional relativistic number of neutrinos which can be parametrized by ∆Neff .
In the standard model of cosmology we have ∆Neff = 0. Massive sterile neutrinos
with mass ∼ 1 eV and large enough mixing angles to solve the reactor anomalies
imply full thermalization at the early universe. This means that for any additional
species of sterile neutrinos, we should have ∆Neff = 1. However, this is not
consistent with the Big Bang Nucleosynthesis and the Planck results, which state
∆Neff < 0.7 with 90% C.L. [121]. It was recently proposed in [106, 107] that this
problem could be solved if the sterile neutrino state interacts with a new gauge
boson X with mass ∼ a few MeV. This can easily produce a large field strength
for the sterile neutrinos. In this way the sterile state experiences a large thermal
potential which suppresses the mixing between the active and sterile states in
the early universe. Therefore, the abundance of the sterile neutrinos remains
small, and its impact on the Big Bang nucleosynthesis (BBN), Cosmic Microwave
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Background (CMB) and the Large Scale Structure Formation would be negligible,
hence the sterile state can be consistent with the cosmological model.
In this chapters we investigate the possibility of the sterile neutrino states
interacting with a new gauge boson X, with mass ∼ MeV, which has couplings
with the sterile neutrinos and the charged leptons in the SM. This new interaction
of the sterile neutrinos was first mentioned in [109]. The ”νs Hidden Inter-
action” (νsHI) model produces a neutral current (NC) matter potential for the
sterile states proportional to GX , where GX is the field strength of the new in-
teraction. The NC matter potential in the νsHI model changes the oscillation
probability of neutrinos and anti-neutrinos drastically. Therefore, using the data
of a neutrino oscillation experiment such as the MINOS experiment [56], we can
test the νsHI model.
An advantage of the νsHI model is that through it we can use the data of
neutrino oscillation experiments to test other new physics scenarios which imply
having couplings with a light gauge boson, such as the explanation of the (g−2)µ
discrepancy with a light gauge boson [115] and the secret interaction of sterile
neutrinos proposed in [106, 107] which solves the tension between the sterile
hypothesis and cosmology.
4.2 The formalism
We enlarge the SM with one extra species of the sterile neutrinos which do not
couple with the SM gauge bosons, but have interactions with a new UX(1) gauge
symmetry (the νsHI model). The new gauge boson couples to the sterile neutrinos
and charged leptons with coupling constants g′s and g
′
l, respectivel, where for
simplicity, we have assumed equal coupling constants for the charged leptons.
The strength of this new interaction is given by
GX√
2
=
g′sg
′
l
4M2X
, (4.1)
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where MX is the mass of the new gauge boson.
The active neutrinos of the SM have charged and neutral current interactions
with the W± and Z bosons. Their matter potential is therefore given by Vα(r) =
δαeVCC(r) + VNC(r) =
√
2GFNe(r)(δαe − 1/2), where α = e, µ, τ and VCC(NC) is
the charged (neutral) current potential of the active neutrinos. The factor GF is
the Fermi constant, while Ne(r) is electron number density of the earth given by
the PREM model [30]. We have assumed that the electron and neutron number
densities are equal for our practical purposes.
The sterile neutrinos which couple to the X boson will also have neutral
current matter potential which is proportional to the strength field of the new
interaction:
Vs(r) = −
√
2
2
GXNe(r) ≡ αVNC(r), (4.2)
where the dimensionless parameter α is defined as
α =
GX
GF
. (4.3)
For α → 0 we recover the minimal 3 + 1 sterile neutrino model. In the minimal
”3+1” model [37] the flavor and mass eigenstates of neutrinos are related through
the unitary (3 + 1)× (3 + 1) PMNS matrix U : να =
∑3+1
i=1 U
∗
αiνi. The oscillation
probability of neutrinos is described using the active-active and active-sterile
mixing angles, as well as the mass squared differences ∆m221, ∆m
2
31 and ∆m
2
41,
where ∆m2ij ≡ m2i −m2j .
The evolution of neutrinos in the νsHI model can be found by solving the
following Schro¨dinger-like equation
i
d
dr

νe
νµ
ντ
νs
 =
[ 1
2Eν
UM2U † + V νsSI(r)
]

νe
νµ
ντ
νs
 , (4.4)
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where U is the 4×4 PMNS matrix [7], which is parametrized by the active-active
mixing angles (θ12, θ13, θ23) as well as 3 active-sterile mixing angles (θ14, θ24, θ34).
The matrix
M2 = diag
(
0,∆m221,∆m
2
31,∆m
2
41
)
is the matrix of the mass squared differences. Using Eq. (4.2), the matter potential
matrix in the νsHI model will be (after subtracting the constant VNC(r)× I)
V νsHI(r) = diag
(
VCC(r), 0, 0, Vs(r)− VNC(r)
)
=
√
2GFNe(r)diag
(
1, 0, 0,
(1− α)
2
)
. (4.5)
The same evolution equation applies to anti-neutrinos with the replacement V νsHI(r)→
−V νsHI(r). We consider the νsHI model with α > 0. In an effective 2-neutrino
scheme the so called MSW resonance [31] happens when ∆m
2
2Eν
cos θ = V . Since
in the νsHI model the sterile states have nonzero matter potential, the potential
would be positive in a νµ − νs system (for α > 1), which means that at energies
where the resonance condition is carried out, νµ converts to νs.
An interesting place to test the νsHI model is the MINOS long-baseline neu-
trino experiment [56]. The MINOS experiment which has a baseline of 735 km
detects both muon and anti-muon neutrinos, and it is one of few experiments
that is both sensitive to neutrino and anti-neutrino oscillation probabilities. For
the baseline and energy range of the MINOS experiment, the oscillation probabil-
ities of the neutrinos and anti-neutrinos are very similar in the usual 3 neutrino
scenario. However, this does not hold in the νsHI model anymore.
To see how the νsHI model affects the oscillation probability of neutrinos, we
compute the full numerical survival probabilities for muon (anti-)neutrino in the
case of the standard 3 neutrino scenario and in the 3 + 1 and νsHI models. We
show in Fig. (4.1) the survival probability of νµ (top) and ν¯µ (bottom) for the
standard 3 neutrino case (black dashed curve), the 3 + 1 model with α = 0 (red
solid curve) and the νsHI model with α = 150 (the blue dot-dashed curve). To
134
Figure 4.1: The muon neutrino and anti-neutrino survival probabilities as a
function of distance over neutrino energy are shown in the top and bottom, re-
spectively. The black-dashed and the red-solid curves correspond to the 3 and
3 + 1 neutrino models, respectively. The blue dot-dashed curves represent the
probabilities calculated in the νsHI model for α = 150. The standard 3 neutrino
parameters are fixed by the NUFIT best fit values [25] and the active-sterile mix-
ing parameters are shown in the plot. The blue shaded area is the range of L/Eν
for the MINOS experiment [56].
calculate the probabilities, we have fixed the 3 neutrino oscillation parameters by
the best fit values of NUFIT [25]: ∆m221 = 7.5×10−5 eV2, ∆m231 = 2.4×10−3 eV2,
sin2 θ12 = 0.3, sin
2 θ23 = 0.6 and sin
2 θ13 = 0.023. The values of the active-sterile
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mixing parameters in the 3+1 and νsHI models are listed in Figure (4.1) [7].
Comparing the 3 neutrino case (the black dashed curve) with the 3 + 1 model
(the red solid curve), we see that the effect of the sterile neutrino with mass
squared difference ∆m241 = 1 eV
2 is marginal adding only a very fast oscillation
on the top of the oscillation induced by the atmospheric mass squared difference
∆m231. However, in the νsHI model we have dramatic effects both for neutrino and
anti-neutrino survival probabilities. When the resonance condition is fulfilled, we
expect stronger changes for the νµ survival probability, while for anti-neutrinos
the changes are milder. This can be seen in the blue dot-dashed curve at the top
and bottom of Fig. (4.1).
4.3 The analysis
In this section we analyze the collected νµ and ν¯µ beam data in the MINOS
experiment to constrain the α parameter in the νsHI model. We calculate the
expected number of events in each bin of energy by
Nosci = N
no−osc
i ×
〈
Psur(s
2
23, s
2
24,∆m
2
31,∆m
2
41;α)
〉
i
, (4.6)
where s2ij ≡ sin2 θij and Nno−osci is the expected number of events for no-oscillation
case in the ith bin of energy after subtracting background [56]; while 〈Psur〉i is the
averaged νµ → νµ (ν¯µ → ν¯µ) survival probability in the ith energy bin, calculated
using Eq. (4.4) for the fixed values sin2 θ14 = 0.025 and sin
2 θ34 = 0 and letting
the other parameters to vary.
To analyze the full MINOS data we define the following χ2 function
χ2 =
∑
i
[
(1 + a)Nosci + (1 + b)N
b
i −Nobsi
]2
(σobsi )
2
+
a2
σ2a
+
b2
σ2b
,
(4.7)
where i runs over the bins of energy (23 for νµ events and 12 for ν¯µ events),
Nosci is the expected number of events defined in Eq. (4.6), N
b
i and N
obs
i are the
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background and observed events, respectively. The σobsi =
√
Nobsi represents the
statistical error of the observed events. The parameters a and b take into account
the systematic uncertainties of the normalization of the neutrino flux and the
background events respectively, with σa = 0.016 and σb = 0.2.
After combining the χ2 function for the νµ and ν¯µ events and marginalizing
over all parameters, we find the following best fit values: ∆m231 = 2.43×10−3 eV2,
∆m241 = 4.35 eV
2, s223 = 0.67, s
2
24 = 0.03, and α = 19.95, while the ratio of the
χ2 value over the number of degrees of freedom is χ2/d.o.f = 39.7/30. When we
increase α from its best fit value we have disagreement between the νsHI model
and the MINOS data. From this we can find an upper bound for α at 2σ C.L.:
α < 92.4. (4.8)
Using Eq. (4.1) and Eq. (4.3), we can write down the coupling g′l as a function of
the gauge boson mass MX and fixed value of α:
g′l =
√
2
√
2αGF
γ
MX = 5.5× 10−5
√
α
92.4γ
(
MX
MeV
), (4.9)
where we have assumed the two new coupling constants in our model are related
as g′s = γg
′
l, in which γ ≥ 1. Therefore, we can use the expression above to find an
exclusion region in the (MX − g′l) plane. Implementing the relation above for the
MINOS experiment, we arrive to the the black dashed curve shown in Fig. (4.2).
A light gauge boson with mass ∼ MeV can be used as a unique explanation
for the 3.6 σ discrepancy between the experimental measurement and the SM
prediction of the muon anomalous magnetic moment, (g − 2)µ [115]. The purple
shaded region in Fig. (4.2) shows the favored 2σ region from (g−2)µ discrepancy.
It is shown in Ref. [165] that nearly the entire (g − 2)µ band is excluded by
various experiments if one assumes that the light gauge boson decays to charged
leptons with branching ratio (Br) ∼ 1. However, in the νsHI model, the primary
decay mode of the light gauge boson is into invisibles (such as the light sterile
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Figure 4.2: We have shown the region of interest for the νsHI model with a light
gauge boson with mass MX and couplings g
′
l and g
′
s = γg
′
l. The result of the
analysis of the νsHI model with the MINOS data is shown by the black dashed
curve with 2σ C.L. (for γ = 30). The purple shaded region is the region favored
by the (g− 2)µ discrepancy, while the red curve is the CCFR [111] measurement
of the neutrino trident cross-section [112]. The blue shaded region is where the
tension between the sterile neutrino and cosmology is relieved for f(g′s,MX) = 100
and γ = 30 (See Eq. (4.10) and the discussion after that).
neutrinos) with Br ∼ 1. Therefore, all the (g−2)µ band in Fig. (4.2) will be valid
in the νsHI model. As Fig. (4.2) shows, by comparing our results on the MINOS
analysis of the νsHI model with the (g − 2)µ band we can exclude all the masses
below MX ∼ 100
√
γ/30 MeV with 2σ C.L..
Another piece of information comes from neutrino trident production: the
process in which the µ+µ− pair is produced from the scattering of νµ off the
Coulomb field of a nucleus. The red solid curve in Fig. (4.2) represents the
results of the constrains from CCFR experiment on measurement of the neutrino
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trident cross-section [111]. As it can be seen from Fig. (4.2), by combining the
result of the CCFR experiment with our result from the MINOS analysis, there
is only a tiny region in the (g − 2)µ band which is allowed by all experiments.
The sterile neutrino states with 1 eV mass have dramatic effects in cosmology
due to their thermalization in the early universe and are disfavored by the Planck
data. This tension could be removed if the sterile states have interactions with a
light gauge boson in the so called secret interaction model [107, 116]. This will
produce a temperature dependent matter potential for the sterile states which is
Veff = −7pi245 g
′
s
2
M4X
EνT
4
s [107], where Ts is the temperature of the sterile sector and
Eν  MX . Therefore, the oscillation of the active to sterile neutrinos would be
suppressed if |Veff |  |∆m
2
41
2Eν
| [107]. We define the following function:
Veff
∆m241/2Eν
≡ f(g′s,MX) =
14pi2g′s
2E2ν
45∆m241
(
Ts
MX
)4. (4.10)
Hence, the cosmology condition in the secret interaction model would be satisfied
if f(g′s,MX)  1. Similar to Eq. (4.9) we can find the values of the coupling
constant which satisfy the cosmology condition:
g′s 
√
45
14pi2
√
∆m241
Eν
(MX
Ts
)2
. (4.11)
Assuming that the cosmology condition is satisfied for f(g′s,MX) = 100, then
using Eq. (4.9) and the relation between the 2 coupling constants g′s = γg
′
l, the
values of g′s above
g′s = 1.6× 10−2
( Ts
MeV
)2( Eν/MeV√
∆m241/eV
2
) α
92.4
γ
30
(4.12)
is excluded by the MINOS analysis. Therefore, using the MINOS data we find
that at the time of BBN (Eν ' Ts ' 1 MeV) and for ∆m241 = 1 eV2, the values of
the coupling constant above g′s = 1.6× 10−2 is excluded with more than 2σ C.L.
(for γ = 30). The blue shaded region in Fig. (4.2) shows the cosmology condition
for the values mentioned above.
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4.4 The conclusion
We have investigated the possibility that the light sterile neutrinos as suggested
by the reactor anomaly have hidden interaction with an ”MeV scale” gauge boson.
In the Hidden Interaction (νsHI) model, the sterile neutrinos have neutral current
matter potential. Therefore, we can use the data of the neutrino experiments to
constrain this model and probe other new physics scenarios. The field strength
of this model is described by GX . In this work we studied the νsHI model using
the MINOS experiment and showed that the values above GX/GF = 92.4 are
excluded.
One consequence of the νsHI model is constraining other new physics scenar-
ios such as explaining the (g − 2)µ discrepancy with a light gauge boson. We
showed that using the νsHI model, the (g − 2)µ region is entirely ruled out for
MX . 100
√
γ/30 MeV by the MINOS data. Also, the secret interaction of sterile
neutrinos which is introduced in the literature to solve the tension between the
sterile neutrinos and cosmology is excluded by MINOS for g′s > 1.6× 10−2 γ30 for
any value of MX , where g
′
s is the coupling between the sterile states and the light
gauge boson. We can use the data of the future neutrino oscillation experiments
such as DUNE [166] to further test the νsHI model and get a definite answer on
the presence of the light gauge boson.
Chapter 5
Phenomenology of minimal
neutrinophilic two Higgs doublet
models
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The most incomprehensible thing about the world is that
it is comprehensible.
Albert Einstein
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1 In this thesis so far we have been studying the phenomenology of the sterile
neutrinos. In this chapter we study the models which explain the smallness of
neutrinos masses. The smallness of neutrino masses can be explained using the
2 Higgs doublet models (2HDM). In such models, the vacuum expectation value
(vev) of the first doublet gives masses to the particles in the SM, while the second
Higgs doublet is responsible for the masses of neutrinos and through its small vev
generates a small mass for them. We need some extra symmetries such as the
Z2 or a softly broken U(1), to prevent the neutrinos to couple to the first Higgs
doublet. In this work we find the constraints that electroweak precision data can
now impose on the neutrinophilic two Higgs doublet models which comprise only
one extra SU(2) × U(1) doublet and a new symmetry, namely a spontaneously
broken Z2 or a softly broken global U(1). We find that the model with a Z2
symmetry is basically ruled out by electroweak precision data, even if the model
is modified to include extra right-handed neutrinos, due to the presence of a
very light scalar. While the other model is still perfectly viable, the parameter
space is considerably constrained by current data, specially by the T parameter.
Particularly, the mass of the new charged scalar has to be similar to the mass of
the new neutral scalars.
The chapter is organized as follows: We will briefly introduce the neutrinophilic
2HDMs in section 5.1. In Section 5.2 we explain the theory of the neutrinophilic
2HDMs, specifically with the Z2 and a softly broken U(1) symmetries. In Sec-
tion 5.3 we study the theoretical and experimental Electroweak data which con-
strain the neutrinophilic 2HDMs. Then in Section 5.4 we analyze the models.
We summarize our conclusions in Section 5.5.
1This chapter is prepared based on my work published in [117].
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5.1 Introduction
The smallness of neutrino masses suggests a mass generating mechanism distinct
from the usual Higgs mechanism which reside in a scale different from the elec-
troweak one. From neutrino oscillation experiments, we know that neutrinos are
massive and that mass and flavor eigenstates do not coincide. Besides, other ter-
restrial [118, 119] and cosmological [120, 121] experiments indicate that neutrino
masses should be below the eV scale. Therefore, if the same Higgs mechanism
is responsible for the top and neutrino masses, then the Yukawa couplings would
span twelve orders of magnitude, evincing an unpleasant hierarchy.
A well known alternative is the seesaw mechanism [16, 32, 34]. In this scenario,
the light neutrino masses are suppressed by some heavy physics, for instance,
right-handed neutrino Majorana masses [16, 32, 33, 122]. What typically happens
is that the scale at which new physics can be found is extremely high, much above
the TeV scale, rendering the model intangible, except for the possible presence of
neutrinoless double beta decay2. The latter could also originate from some physics
that do not comprise the main contribution to neutrino masses [126, 127], and
hence it does not consist of a test of the seesaw mechanism by itself.
Another possibility is to generate neutrino masses by a copy of the Higgs
mechanism, having a second Higgs doublet, but with a much smaller vacuum
expectation value (vev). This can be achieved in a two Higgs doublet model
(2HDM) where one of the scalars gives mass to the charged fermions, while the
other one acquires a very small vev and generates neutrino masses with O(1)
Yukawa couplings, a neutrinophilic 2HDM. As a consequence, neutrino masses
would generically require new physics at the TeV scale (or even lower). For
instance, by imposing lepton as a symmetry and adding three right-handed neu-
trinos which carry no lepton number, a type I seesaw mechanism can be realized
2Nevertheless, there are alternative models which exhibit a low scale, as for instance the
inverse seesaw scenario [123, 124, 125].
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below the TeV scale [128]. Moreover, lepton number could be conserved and a Z2
symmetry [129, 130] or a global U(1) [131] could be used to prevent the SM Higgs
boson to couple to neutrinos, yielding Dirac neutrinos. Also, the 2HDM could be
augmented by a type III seesaw and a µ− τ symmetry, giving rise to interesting
LHC phenomenology [132]; or by a singlet scalar and a Z3 symmetry, possibly
generating interesting lepton flavour violating signals [133]. It is also interesting
to notice that such models are stable against radiative corrections [134, 135].
On general grounds, a new symmetry is typically invoked to prevent the first
scalar doublet from coupling to neutrinos as well as to enforce the second one
to interact only with them. These models introduce a minimal new field content
which should materialize as particles below the TeV scale. The presence of such a
low scale in the theory might have important phenomenological consequences, like
the presence of light scalar particles (for instance, supernova energy loss strongly
constrain such scenarios [136]). After the discovery of a 125 GeV scalar by the
LHC experiments, new limits from electroweak precision data can be derived on
the allowed parameter space of such models. The purpose of this manuscript is
to investigate to what extent these minimal neutrinophilic 2HDMs can survive
electroweak precision data scrutiny.
5.2 Neutrinophilic Two Higgs Doublet Models
We first start by making general considerations on the two Higgs doublet models
and the link to neutrino masses. The most general scalar potential for a two
Higgs doublet model is
V (Φ1,Φ2) = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 − (m212Φ†1Φ2 + h.c.)
+
λ1
2
(Φ†1Φ1)
2 +
λ2
2
(Φ†2Φ2)
2 + λ3Φ
†
1Φ1Φ
†
2Φ2 + λ4Φ
†
1Φ2Φ
†
2Φ1 (5.1)
+
[
λ5
2
(Φ†1Φ2)
2 +
(
λ6Φ
†
1Φ1 + λ7Φ
†
2Φ2
)
Φ†1Φ2 + h.c.
]
,
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where Φ1 and Φ2 are the two scalar doublets with hypercharge Y = +1. For
the vacuum expectation values (VEVs) of the two scalars, we adopt the notation
〈Φ1〉 = v1/
√
2, 〈Φ2〉 = v2/
√
2, and we pick Φ2 to be the one responsible for
neutrino masses. In order to have sizable Yukawa coupling for neutrinos, it is
required that v2  v1 ∼ 246 GeV = v, where v2 = v21 + v22. In principle, the
parameters m212, λ5, λ6, and λ7 can be complex. Nevertheless, in all models we
analyse, the symmetries will forbid both λ6 and λ7, and only m
2
12 or λ5 will be
allowed to be non-zero. A single phase of the aforementioned parameters can
always be absorbed in a redefinition of the scalar fields, and therefore we can
take all scalar potential parameters to be real without loss of generality.
To forbid the coupling between neutrinos and Φ1, a symmetry is called for. In
this minimal setup, there are two straightforward examples. The first possibility
is a Z2 symmetry under which only Φ2 and the right handed neutrinos are charged,
forcing m12 = λ6 = λ7 = 0
3. An alternative is to trade the Z2 by a global U(1),
yielding, in principle, m12 = λ5 = λ6 = λ7 = 0. In this case, to avoid the presence
of a massless Goldstone boson, a soft breaking is introduced by having a nonzero
but small m12. Anyhow, in all realizations we will study here λ6 = λ7 = 0, so
these couplings will be disregarded henceforth.
One last option that one could consider would be to gauge the U(1) sym-
metry, avoiding the massless Goldstone boson. Nevertheless, in such a scenario,
the corresponding gauge boson as well as one of the neutral scalars would be
extremely light, with mass around the v2 scale. This seems phenomenologically
quite problematic. We do not investigate this possibility here as it would require
a completely different study compared to the other two cases.
3We notice that, if instead a ZN symmetry is postulated, the only difference is that λ5 might
be forcefully zero as well. Hence, the Z2 is the less restrictive case of ZN symmetries.
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The two complex scalar SU(2) doublets can be written as
Φa =
 φ+a
(va + ρa + iηa)/
√
2
 , a = 1, 2. (5.2)
We determine the mass eigenstates defining the following rotations:φ−1
φ−2
 = −
cβ −sβ
sβ cβ
G−
H−
 , (5.3)
η1
η2
 = −
cβ −sβ
sβ cβ
G0
A
 , (5.4)
ρ1
ρ2
 = −
cα −sα
sα cα
H
h
 , (5.5)
where cα(β) ≡ cosα(β) and sα(β) ≡ sinα(β) . After electroweak symmetry break-
ing, three Goldstone bosons G± and G0 become the longitudinal modes of the W
and Z bosons. Then, the remaining scalar spectrum is composed of two charged
particles, H±, two CP-even neutral bosons, h and H, and one CP-odd neutral
boson, A. The physical fields are given by
H+ = φ+1 sin β − φ+2 cos β, A = η1 sin β − η2 cos β, (5.6)
H = −ρ1 cosα− ρ2 sinα, h = ρ1 sinα− ρ2 cosα, (5.7)
where the angles α and β are associated with the rotations that diagonalize the
mass matrices
tan(2α) =
2(−m212 + λ345v1v2)
m212(v2/v1 − v1/v2) + λ1v21 − λ2v22
, (5.8)
tan β =
v2
v1
, (5.9)
where λ345 ≡ λ3 + λ4 + λ5. We will see below that both α and β are expected to
be very small. Hence, H is essentially the SM Higgs and h is the neutrinophilic
scalar.
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As we will see in sec. 5.4, the tree level stationary conditions of the potential,
∂V/∂Φi = 0, can be used to write the diagonal mass parameters mii as functions
of m212, the quartic couplings and the vevs. With that in mind, we can consider
the quartic couplings as free parameters and express them in terms of the physical
masses, vevs and mixing angles [137]:
λ1 =
1
v2
(
− tan2 βM2 + sin
2 α
cos2 β
m2h +
cos2 α
cos2 β
m2H
)
, (5.10)
λ2 =
1
v2
(
− cot2 βM2 + cos
2 α
sin2 β
m2h +
sin2 α
sin2 β
m2H
)
, (5.11)
λ3 =
1
v2
(
−M2 + 2m2H± +
sin(2α)
sin(2β)
(m2H −m2h)
)
, (5.12)
λ4 =
1
v2
(
M2 +m2A − 2m2H±
)
(5.13)
λ5 =
1
v2
(
M2 −m2A
)
, (5.14)
where M2 ≡ m
2
12
sin β cos β
. Inversely, we have
m2H = M
2 sin2(α− β)
+
(
λ1 cos
2 α cos2 β + λ2 sin
2 α sin2 β +
λ345
2
sin 2α sin 2β
)
v2, (5.15)
m2h = M
2 cos2(α− β)
+
(
λ1 sin
2 α cos2 β + λ2 cos
2 α sin2 β − λ345
2
sin 2α sin 2β
)
v2, (5.16)
m2A = M
2 − λ5v2, (5.17)
m2H± = M
2 − λ45
2
v2. (5.18)
Next we describe the two specific realizations of the neutrinophilic scenarios
that will be studied in this chapter.
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5.2.1 Neutrinophilic 2HDM: Z2 symmetry
The model to be studied was proposed by Gabriel and Nandi [129]4. It consists of
a 2HDM where both the right-handed neutrinos and one of the scalar doublets,
Φ2, are charged under a Z2 symmetry. The consequence is that the masses of the
charged fermions come solely from the Φ1 vev, and neutrinos, which are Dirac
fermions in this scenario as the authors impose lepton number conservation, cou-
ple exclusively to Φ2. This extra symmetry can, in principle, be dropped allowing
for Majorana neutrinos with a low scale realization of the seesaw mechanism. We
will also investigate this possibility in our analysis.
In the scalar potential (5.1) of this model, the parameters m212 and λ6,7 will
vanish due to Z2 symmetry. The smallness of neutrino masses is explained by the
very low scale where Z2 is broken, preferably v2 . O(eV). A tiny v2/v1 ratio and
the absence of an explicit breaking m212 term leads to almost no mixing between
the doublets. The smallness of tan β and tanα can be seen from Eqs. (5.8) and
(5.9) after imposing v2/v1 → 0. Therefore, apart from its couplings to neutrinos,
Φ1 behaves almost identically to the SM Higgs doublet, so we do not expect
any observable deviation from the Higgs couplings to the SM particles, except
possibly the loop induced couplings, e.g. Hγγ.
The second doublet displays some interesting features. Through the Yukawa
coupling, the neutral components couple almost only to neutrinos (e.g. cαν¯νh
or cβ ν¯νA), while the charged scalars mediate interactions between neutrinos and
charged leptons (e.g. cβ l¯νH
+). The Yukawas are ideally expected to be of O(1).
The neutral scalars couple to the W and Z bosons, but notice that triple gauge
couplings (TGCs) involving only one scalar are highly suppressed by the small
v2 vev. Obviously, TGCs with two scalars and one gauge boson are present and
may provide a sizeable pair production cross section at colliders, for instance
4The same model was previously also proposed in ref. [138] where the focus was on the origin
of the second doublet from neutrino condensation.
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pp→ A∗ → H+H− at the LHC. This will be discussed in the next section.
The scalar spectrum of this model is quite constrained. By setting m212 = 0 in
Eqs. (5.15-5.17), as well as sin2 α, sin2 β  1, we notice that: (1) H is identified
as the 125 GeV Higgs particle found at the LHC, and this essentially fix λ1 ≈
0.26 (see Eq. (5.10)); (2) the neutrinophilic neutral scalar h is extremely light,
mh ∼ O(v2)  v; and (3) For not so large values of the quartic couplings, the
charged scalars and the pseudoscalar masses are bounded to be about or below
the TeV scale.
When we analyse the viability of this model in sec. 5.4, it will turn out that
oblique parameters will play a decisive role in constraining it, due to the peculiar
structure of the scalar spectrum. The sensitivity of the S parameter to the
presence of a very light neutral scalar, mh ∼ O(v2), will essentially rule out the
model.
5.2.2 Neutrinophilic 2HDM: softly broken global U(1) sym-
metry
The second model we study was proposed by Davidson and Logan [131]. Anal-
ogously to the other scenario, both Φ2 and right-handed neutrinos are charged
under a new global U(1). The model spans λ5,6,7 = 0 and a small m
2
12 which
breaks the symmetry softly and generates neutrino masses. The presence of the
soft breaking mass term, is required in order to avoid a massless Goldstone bo-
son which might create problems with cosmology and electroweak precision data.
Neutrinos are Dirac particles, as the Majorana mass term is strictly forbidden by
the new U(1). From Eq. (5.17), we write
m212 = sin β cos βm
2
A, (5.19)
and we observe that to obtain simultaneously v2 ∼ eV and mA ∼ O(100 GeV)
one would need m212 ∼ (200 keV)2. As said before, to avoid the issues of having a
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massless Goldstone, instead of softly breaking the new U(1) symmetry, one could
also envisage to gauge it. Nonetheless, the theory would contain a very light
vector resonance as a consequence of the small vev, and it is not clear if such
a model can satisfy all neutrino data and astrophysical constraints. We do not
explore this possibility here.
The presence of a non zero m212 term makes this case fairly different from
the last one. From Eq. (5.16), we notice that the mass of the neutrinophilic
scalar, mh, is proportional to M
2, and therefore the h mass in this scenario is
not bounded by v2 as in the previous case. As we will see later, this will ease the
constraints from the oblique parameters. Combining Eq. (5.11) and the definition
M2 = m212/ sin β cos β, and imposing tan β ∼ sin β = v2/v  1, we obtain
λ2 =
1
v2
(
− cot2 βM2 + cos
2 α
sin2 β
m2h +
sin2 α
sin2 β
m2H
)
' 1
v22
(
m2h −m212
v
v2
)
+
sin2 α
sin2 β
m2H
v2
,
(5.20)
which indicates that
|m2h −m212v/v2| . O(v22). (5.21)
To grasp the impact of this conclusion, assume that m212 = m
2
hv2/v. Hence, from
Eq. (5.17) we see that mA ≈ mh, so the CP-odd scalar is degenerate in mass
with the neutrinophilic scalar. We emphasize that this degeneracy by itself is not
a fine tuning of the model: the degenerate spectrum arises naturally given the
symmetries of the scalar potential and the hierarchy between the vevs. As a last
comment, we emphasize that since m212 is the only source of U(1) breaking, it is
natural in the t’Hooft sense – m212 only receives radiative corrections proportional
to itself [139, 140].
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5.3 Theoretical and Experimental Electroweak
Data Constraints
5.3.1 Theoretical Constraints
There are a number of conditions to be fulfilled by the scalar potential. These
will be used to constrain the parameter space, ultimately restricting the range
of physical scalar masses, having an important impact on the phenomenology of
the models. To have stability at tree level, the following constraints should be
fulfilled [141]
λ1,2 > 0, λ3 > −(λ1λ2)1/2 and λ3 + λ4 − |λ5| > −(λ1λ2)1/2. (5.22)
In addition, the stationary conditions ∂V/∂Φi = 0 read
λ1
2
v31 +
λ345
2
v1v
2
2 +m
2
11v1 −m212v2 = 0,
λ2
2
v32 +
λ345
2
v2v
2
1 +m
2
22v2 −m212v1 = 0,
(5.23)
which allow us to write m2ii as functions of m
2
12, v1 and v2. If m
2
12 = 0, it is
easy to see that there are at least two equivalent stable solutions, (v, 0) or (0, v)
(although they may not be the global minima). In this case, the vev is precisely
the electroweak scale, one of the scalars is exactly the Higgs and the other one is
inert. For m212 6= 0, these equations cannot be solved analytically. Nevertheless,
if m212  v2 a perturbative approach yields
v1 ≈ v, v2 ≈ m
2
12
λ345 v2 +m222
v, (5.24)
and a symmetric solution interchanging the indices 1↔ 2, which reveals that the
small vev necessary to satisfactorily explain small neutrino masses might require a
correspondingly small m212 parameter. This can be understood intuitively, as the
breaking of the U(1) happens only through the soft breaking term m212. In general,
there can be more than one solution satisfying the stationary conditions (5.23),
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and hence different non-trivial and non-degenerate minima (v1, v2) and (v
′
1, v
′
2)
might coexist. It is possible to check analytically if the chosen vacuum is the
deepest one in the potential for a 2HDM with λ6,7 = 0 [142]. In this case, the
potential describes a Z2 symmetry softly broken by m212. Both models we deal
here are special cases of such scenario. In the absence of an explicit breaking,
that is m212 = 0, there can be multiple minima, but they are degenerate and hence
stability is not threatened. This is the case of the Z2 model we analyse. For the
softly broken U(1) model, it can be shown that the chosen vacuum is the deepest
one (at tree level) if and only if the following condition is satisfied:
D = m212(m
2
11 − κ2m222)(tan β − κ) > 0, (5.25)
with κ = 4
√
λ1/λ2. Although for a general 2HDM scenario this bound may be
important, for the neutrinophilic case we have checked that it does not lead to
any significant effect on the parameter space, after the other constraints are taken
into account, but we include it in the analysis of the softly broken U(1) model
for completeness.
Another theoretical requirement is to have tree level pertubative unitarity [143,
144]. If the quartic couplings are too large, the lowest order amplitudes for scalar–
scalar scattering may violate unitarity at high enough scales, requiring additional
physics to mitigate this issue. To obtain the constraint, the scalar–scalar S matrix
is computed and the following conditions are imposed on its eigenvalues
|a±|, |b±|, |c±|, |f±|, |e1,2|, |f1|, |p1| < 8pi, (5.26)
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where
a± =
3
2
(λ1 + λ2)±
√
9
4
(λ1 − λ2)2 + (2λ3 + λ4)2, (5.27)
b± =
1
2
(λ1 + λ2)± 1
2
√
(λ1 − λ2)2 + 4λ24, (5.28)
c± =
1
2
(λ1 + λ2)± 1
2
√
(λ1 − λ2)2 + 4λ25, (5.29)
f+ = λ3 + 2λ4 + 3λ5, (5.30)
f− = λ3 + λ5, (5.31)
e1 = λ3 + 2λ4 − 3λ5, (5.32)
e2 = λ3 − λ5, (5.33)
f1 = λ3 + λ4, (5.34)
p1 = λ3 − λ4. (5.35)
To have an idea of the impact of these bounds, one can conservatively assume
that all |λi| should be smaller than 8pi (the actual bound is always more stringent
than that).
Evidently, even if tree level unitarity is satisfied, loop corrections could still
play an important role leading to violation of unitarity at some scale and thus
demanding the presence of new physics below such energies. This could be par-
ticularly relevant when some of the tree level constraint is just barely satisfied,
as the size of the quartic couplings could enhance the loop contributions. Never-
theless, we only take into account unitarity constraints at tree level, as a full one
loop evaluation of the parameter space is beyond the scope of this work.
5.3.2 Electroweak Data Constraints
Oblique Parameters. The impact of a second Higgs doublet in the so-called
electroweak precision tests (EWPT), encoded in the Peskin-Takeuchi parameters
S, T , and U [146], has been studied in the literature to a great extent (see for
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instance refs. [147, 148, 149]). These are radiative corrections to the gauge boson
two point functions, known as oblique corrections.
The S parameter encodes the running of the neutral gauge bosons two point
functions (ZZ, Zγ and γγ) between zero momentum and the Z pole. Therefore,
it should be specially sensitive to new physics at low scales, particularly below the
Z mass. Thus, we expect it to be important in the presence of very light neutral
scalars, as is the case for the Z2 model. The T parameter measures the breaking
of custodial symmetry at zero momentum, that is, the difference between the
WW and the ZZ two point functions at q2 = 0. It usually plays a significant role
in constraining the parameter space of particles charged under SU(2)L. Splitting
the masses of particles in a doublet breaks custodial symmetry and affects T .
As we will see later, in the softly broken U(1) scenario, the T parameter will
provide the major constraint on the mass splitting mH± −mA, forcing the scalar
spectrum of this model to be somewhat degenerate. Last, and this time least, the
U parameter (or better, the combination S+U) is somewhat similar to S but for
the W bosons, being sensitive to light charged particles in the loops. Given the
fact that light charged particles are excluded by LEP data [150, 151], usually U
is the least important of these three precision parameters, having a minor impact
on the model phenomenology, which we have checked that this is indeed the case
for all scenarios analyzed here.
To evaluate the impact on EWPT on the neutrinophilic 2HDM scenarios, we
calculate S, T , and U using the results available in ref. [149], and we use the
latest GFITTER values for the best fit, errors and covariance matrix [152],
∆SSM = 0.05± 0.11,
∆T SM = 0.09± 0.13,
∆USM = 0.01± 0.11,
V =

1 0.90 −0.59
0.90 1 −0.83
−0.59 −0.83 1
 , (5.36)
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composing the χ2 function as
χ2 =
∑
i,j
(Xi −XSMi )(σ2)−1ij (Xj −XSMj ), (5.37)
with Xi = ∆S,∆T,∆U and the covariance matrix σ
2
ij ≡ σiVijσj, in which
(σ1, σ2, σ3) = (0.11, 0.13, 0.11). As we are interested in the goodness of fit of
the model to the EWPT data, the 1, 2, and 3σ regions are calculated using
χ2 = 3.5, 8.0, 14.2, respectively.
Higgs invisible width. When the first doublet acquires a vev, triple scalar
vertices like HSS (S = h,A) are induced. Therefore, light neutral scalars with
2mS < mH could contribute to the Higgs invisible width H → SS, and se-
quentially S → ν¯ν. Because of the small tan β of the model, the Higgs boson
couplings to the Standard Model particles is basically unchanged. Hence, the
contribution to the Higgs total width due to the invisible decay will suppress
all Standard Model branching fractions by the ratio ΓSMH /Γ
new
H . In this scenario,
as the only modification to the Higgs branching fractions is the addition of an
invisible channel, the LHC 8 TeV data bound is BR(H → invisible) < 0.13 at
95% CL [153].
In our framework, the decay rate of such a process is given by [154]
Γ(H → SS) = g
2
HSS
32pimH
√
1− 4m
2
S
m2H
, with (5.38)
gHAA =
1
2v
[
(2m2A −m2H)
sin(α− 3β)
sin 2β
+ (8m212 − sin 2β(2m2A + 3m2H))
sin(β + α)
sin2 2β
]
, (5.39)
gHhh = −1
v
cos(β − α)
[
2m212
sin 2β
+
(
2m2h +m
2
H −
6m212
sin 2β
)
sin 2α
sin 2β
]
. (5.40)
We emphasize that the small terms in the denominator always cancel out. While
the couplings between the SM Higgs and the SM fermions, gHff = mf/v, are well
below one due to the suppresion by the EW scale (except for the top, to which
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the Higgs cannot decay), the trilinear scalar couplings are typically much larger,
ghSS ∼ m2h/v ∼ 60 GeV, unless there are some sort of cancellations happen-
ing [154]. Therefore, SM Higgs decays to lighter scalars may have an important
phenomenological impact, specially because the total Higgs width in the Standard
Model is predicted to be very small, around 4.07 MeV [155]
Higgs to diphoton. The charged scalars will contribute to the H → γγ
width, and thus we also analyse the impact on this observable5. The H diphoton
width is a destructive interference effect mainly between W and top loops, where
the latter dominate. Charged scalars contribute with the same sign as the W s,
and their contribution usually do not overcome the top one. Therefore, we expect
H → γγ to be somewhat suppressed in most cases. The expression for the
H → γγ width at one loop can be found in many papers, see, for instance
ref. [164].
Z invisible width. We also have to consider possible extra contributions to
the Z invisible width coming from the decays Z → hνν¯ and Z → Aνν¯. The Z
invisible decay width reads
Γ(Z → Sνν¯) = 1
384pi3m5Z
(
g
2 cos θW
)2 m2ν,tot
v22
∫ q2max
0
dq2 λ1/2(q2,m2Z ,m
2
S)
×
[
q2 − 4m2Z +
4m2Z(m
2
Z +m
2
S − q2)
λ1/2(q2,m2S,m
2
Z)
coth−1
(
m2Z +m
2
S − q2
λ1/2(q2,m2Z ,m
2
S)
)]
,
(5.41)
where q2max = (mZ − mS)2, λ(a2, b2, c2) = (a2 − (b − c)2)(a2 − (b + c)2) and
the scalar S can be either h or A. The ratio between m2ν,tot ≡
∑
m2ν,i and
v22 arrives from the neutrino Yukawas. Clearly, if the Yukawas are small, both
widthes vanish, so we expect this bound to be more significant for lower v2 and
larger neutrino masses. To constrain extra contribution from new physics to the
5The H → Zγ decay will also be modified, but due to the smaller branching ratio and
subsequent suppression by requiring the Z to decay leptonically, we do not expect it to provide
any significant sensitivity in the near future.
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Z invisibles width, we use LEP result Γexp(Z → invisible) = 499.0(15) MeV
and the Standard Model prediction ΓSM(Z → invisible) = 501.69(6) MeV [151],
which yields ΓNP(Z → invisible) < 1.8 MeV at 3 σ (notice that there is a mild
2σ discrepancy between the data and the SM predicted value). In the case of
the Z2 symmetry model, one must take care while doing the computation, since
mh  mZ , the expression for the width in (5.41) has an infrared divergence.
We calculated one-loop corrections for Γ(Z → ν¯ν) coming from the h scalar and
added it to Γ(Z → Sν¯ν) in order to eliminate the IR divergence.
Collider bounds on charged scalars. The charged scalars can be pair
produced directly at colliders via s-channel off shell photon or Z exchange. Due
to the neutrinophilic character of the second Higgs doublet and small admixture
with the SM degrees of freedom, the charged scalars decay almost only to `ν.
Therefore, we expect the LEP bound to be mH± > 80 GeV [150, 151].
It is not clear how LHC data improves the situation. There has been some
studies on the LHC sensitivity to such charged scalars, mainly focused on 14 TeV
center of mass energy [156, 157, 158, 159], but to the best of our knowledge, there
has been no dedicated experimental search for charged scalars in neutrinophilic
2HDMs. As v2 is very small, the main production modes of H
± would be pair
production through vector boson fusion or off-shell S-channel photon and Z ex-
change, and the tipical t → H+b would be absent due to small tan β. The LHC
sensitivity then would come mainly from opposite sign diletpton plus missing en-
ergy, which has SM W pair production as an irreducible background. Moreover,
the branching ratios of the charged scalar depend on the neutrino masses and the
mass ordering. If the τν branching ratio is dominant, the sensitivity is expected
to be smaller. Therefore, to be conservative, we will scan the parameter space
considering only the LEP bound.
Anomalous magnetic moments and other constraints. In principle,
the charged scalars could also contribute to charged lepton g − 2 values, but the
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corresponding amplitude at one loop is suppressed by m4`/m
4
H± (see ref. [160] for
a recent analysis on the impact of a second Higgs doublet on the muon g − 2).
We have checked that the 1-loop contribution to both muon and electron g− 2 is
negligible due to that suppression, while the tau g−2 is not measured with enough
precision to pose a bound. For a general 2HDM, it has been noticed that two loop
Barr-Zee diagrams [161] can be more important than 1-loop contributions, but
this is not the case in the neutrinophilic 2HDM, as the charged lepton couplings
to h and A are suppressed by tan β 6. Therefore we conclude that the electron,
muon and tau g − 2 measurements do not pose any bound on this scenario.
Flavour physics constraints have also been studied in the literature. The
charged scalars will mediate lepton flavour violating decays. In µ → eγ, for
instance, the additional branching ratio is proportional to (mH±v2)
−4. It has
been argued that for 100 GeV charged scalars and v2 = 2 eV, this branching
ratio could be large enough to be excluded by current data [131]. Nevertheless,
if v2 is above 10 eV, the decay goes out of the reach of current and near future
experiments. Therefore, flavour physics make no difference in the projections we
will show of the parameter space, and it will be disregarded.
5.4 Analysis of the Models
For each model 5.1×106 points are generated, the corresponding scalar potential
parameters are calculated and the perturbative unitarity and stability conditions,
Eqs. (5.26) and (5.22), respectively, are derived. We only show on our plots points
which fulfill these theoretical constraints, about 760000 and 510000 for the Z2 and
the global U(1) model, respectively. Unless stated otherwise, the points are color
coded accordingly to the fit to EWPT data: blue, green, and red correspond to
6There would be a small contribution due to modifications of the H → γγ coupling, but
Higgs data already constraint it to the level that there is no observable modification to the
muon g − 2.
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Figure 5.1: Neutrinophilic 2HDM with Z2 symmetry. The red points are allowed
by electroweak precision data (oblique parameters) at 3σ, while the gray points
are ruled out at 3σ or more. No point was found within the 2σ region. Left: points
that satisfy perturbative unitarity and stability constraints in the mA × mH±
plane. Right: Projection of these points in the S × T plane.
the 1, 2, and 3σ allowed regions, while gray points are excluded at 3σ or more.
2HDM with a Z2 symmetry. Let’s first discuss the results for the 2HDM
with a Z2 symmetry. As discussed in sec. 5.2.1, the model has a very light neutral
scalar. In fact, we verified that Eq. (5.16) and the perturbative unitarity condi-
tions (5.26) require mh . 10×v2. Moreover, as the scalar potential parameters λi
and m2ij can be written in terms of the physical masses and the vevs, we perform
a scan in the physical parameter space, imposing the following conditions
0.01 eV <mh < 1 GeV,
124.85 GeV <mH < 125.33 GeV,
70 GeV <mH± < 1 TeV,
1 GeV <mA < 1 TeV,
−pi/2 <α < pi/2,
0.01 eV <v2 < 1 MeV.
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The Higgs mass range is taken from the CMS measurements in ref. [?]
From the left panel of figure 5.1, the power of perturbative unitarity con-
straints can be further appreciated: the CP-odd and charged scalars are restricted
to be below ∼ 600 − 700 GeV. This can be easily understood from Eqs. (5.17)
and (5.18). Since M2 ∝ m212 = 0 and λ4,5 cannot be too large, the masses cannot
go arbitrarily above the electroweak vev.
Moreover, the presence of a very light scalar in the spectrum, below the GeV
scale, yields a substantial negative contribution to the S parameter. The impact
of the EWPT can be seen in the right panel of figure 5.1, where all points scanned
were projected in the S × T plane and the allowed region by EWPT was drawn.
Remarkably, only very few points (in red) were found which provide a viable
model, within the 3σ allowed region for the EWPT. To understand better why,
we present the S and T parameters dependency on mA and mH± in the left
panel of figure 5.2, for mh  mZ . It can be concluded that: the T parameter
strongly prefers mA ≈ mH± or a lighter H± with mH± ∼ 150 GeV together with
a mA > 300 GeV; while the S parameter, although it depends very mildy on
the charged and pseudo scalar masses, exhibits a slight preference to this latter
region. All in all, the values of S are always below ∼ −0.25, revealing a tension
with EWPT always above the 2.97σ level7.
From this analysis, we can conclude that the 2HDM with a Z2 symmetry is
definitely very disfavored by data. It is not even clear that the region found which
is in the 3σ border of EWPT is really viable. A closer look into this region of the
parameter space reveals that these points suffer from at least one of the following
worrisome situations: (i) the e1 scattering amplitude, in Eqs. (5.26), is on the
verge of violating unitarity, with at least about ∼ 98% of the bound saturated;
7To be precise about such strong statements, we also included in our analysis the accepted
points of a second scan centered on the red region, where the charged scalar mass range was
changed to 150–160 GeV and the pseudoscalar mass range was changed to 500–580 GeV, with
105 points.
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Figure 5.2: Neutrinophilic 2HDM with Z2 symmetry. Left: Predicted values for
S and T (left) and isolines of S and T values as a function of mA and mH± , for
mh  mZ . Right: α×β plane. Orange points are excluded by the Higgs invisible
width, while cyan points are allowed.
(ii) the same for a+ scattering amplitude, with at least ∼ 98% of the bound
saturated; (iii) the stability condition is very fragile, with the third condition
of Eq. (5.22) satisfied with a margin of less than ∼ 0.001; and (iv) the same
but for the second condition of Eq. (5.22), satisfied with a margin of less than
∼ 0.05. Therefore, given this delicate region of the parameter space, it would be
important to include radiative corrections to see if the stability and unitarity of
the theory still holds at one loop.
One could think that a possible way to evade these problems would be to
have a larger v2 so that the mass spectrum, specially mh, becomes more flexible.
Nevertheless, unless v2 & O(GeV), the problem does not disappear, strongly
disfavoring this minimal model as an explanation for neutrino masses. A slightly
non minimal scenario that would be surely allowed by data consists of a m212 term
which breaks Z2 softly. Such a model would be more general than the two models
considered here, as it would span non zero m212 and λ5 parameters. Therefore, its
allowed parameter space would be even larger than the softly broken U(1) model,
which we will analyse shortly.
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One could now be tempted to include a right-handed neutrino contribution,
dropping the lepton number conservation symmetry of the model. In fact, as
v2 is small, it may be possible to have a low energy realization of the type I
seesaw scenario which leads to observable sterile neutrino phenomenology, and
hopefully could increase a bit the value of the S parameter to make the model
viable. As the effect on S grows with the mass of the fermions in the loop, we
make a distinction between two regimes: the right handed neutrinos can be below
or above the GeV scale. In the first, what happens is that the contribution to
the S parameter is suppressed by the ratio between these small masses and the
Z mass and can be neglected (for instance, the active neutrino contribution to
S is virtually zero). In the second case, although the sterile neutrino masses
might be large, the coupling to the Z is suppressed by the active–sterile mixing
which generically goes as the ratio between the active to sterile neutrino masses,
mν/mN . Therefore the impact of right-handed neutrinos is never large enough
to substantially change the S parameter8
For completeness, we also show in the right panel of figure 5.2 the impact
of the Higgs invisible width measurement in the α × tan β plane. Given the
preference for heavier S, we will consider the case where only H → hh is present.
From Eq. (5.40), since m212 = 0 in this model, the gHhh coupling can be rewritten
in the limit of small β and α as
gHhh ≈ −m
2
H
v
sin(2α)
sin(2β)
, (5.42)
which can be sizable only if α & β, explaining the behavior of the excluded
region (orange) in fig. (5.2). Since the ratio α/β is already constrained by the
theoretical limits (see Eq. (5.20)), this constraint turns out to be less stringent
than the others. As a last comment, the charged scalars could also have an impact
in H → γγ. In the small 3σ allowed region, the modifications to the diphoton
width are generically between ±10%, depending on the precise values of λ3. This
8This fact has also been checked numerically using the expressions in ref. [163].
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quartic coupling only affects mh, so it is only weakly bounded by perturbative
unitarity.
2HDM with a global U(1) symmetry. We now focus on the phenomenol-
ogy of the softly broken U(1) model. A non zero m212 term allows for heavier h,
presenting a major change in the phenomenology with respect to the previous
model. Without the requirement of a light scalar, we enlarge the scanned region
accordingly. The absence of the λ5 quartic coupling makes the pseudoscalar de-
generate in mass with h (to first order in v2). Therefore we perform an initial
scan of the spectrum parameter space, this time in the region
10 GeV <mh < 1 TeV,
124.85 GeV <mH < 125.33 GeV,
70 GeV <mH± < 1 TeV,
mA = mh,
−pi/2 <α < pi/2,
0.01 eV <v2 < 1 MeV,
as well as a second scan with mH± and mA heavier then 1 TeV and almost
degenerate. We follow the same procedure as before, showing only the points
allowed by perturbative unitarity and stability constraints. The results are pre-
sented in figure 5.3.
In contrast to the previous case, due to the possibility of obtaining a heavier h
in the mass spectrum, there is a region of the parameter space of this model which
passes the electroweak precision tests and theoretical constraints. The behavior of
the T parameter is similar to the previous scenario: or the mass splitting between
A and H± is at most ∼ 80 GeV, or the charged scalar is around 100 GeV while
mh = mA > 150 GeV, with negative values of T for larger mH± . This explains
the strong correlation on the allowed region in the upper left panel of figure 5.3.
164
We also present the projection of these points in the S × T plane in the upper
right panel of figure 5.3.
As discussed in the previous sections, this model can also accommodate a pair
of neutral scalars (S = h,A) satisfying mS < mH/2 if m
2
12 is small enough. In
this case, the constraints coming from the Higgs invisible decays are similar to
those described for the model with a Z2 symmetry and turn out to be relatively
weak. On other hand, the Z invisible width can provide us valuable constraints
when the channel Z → Sνν is open. To perform this analysis we conservatively
assume the lightest neutrino to be massless and the neutrino mass ordering to be
normal, so that the sum of neutrino masses is about 0.05 eV and
∑
im
2
ν,i takes
the smallest possible value. We show on the bottom right panel of figure 5.3 the
excluded region (orange points) under these assumptions in the mh × v2 plane.
The shape of the excluded region can be understood from Eq. (5.41), since the
decay rate Z → Sνν tends to be smaller when there is less phase space available.
For heavy enough H±, as can be seen in the lower left panel of fig. 5.3, the
H → γγ signal strength is diminished by about ∼ 5%. We can understand this
non decoupling feature by noticing that the H H+H− coupling is −iλ3v, which
in turn has a correlation with mH± , specially in the larger mass region. This can
be understood by noticing that, in Eq. (5.12), for large mH± , we have
λ3 ≈
(
1− sin 2α
sin 2β
)
m2H±
v2
. (5.43)
Typically, α β, which corresponds to a strong correlation between λ3 and mH± ,
and this is the denser region around µ = 0.95. However this is not always the case,
and the correlation is lost when the ratio of sines is closer to 1, now corresponding
to the sparser points with a much weaker correlation. Nevertheless, we see that
for heavy enough charged scalar, the contribution to the Higgs diphoton width is
always negative.
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5.5 Conclusion
We performed an analysis of minimal neutrinophilic two Higgs doublet models
which can accommodate neutrino masses by means of a tiny vev of the additional
Higgs doublet. The models studied here differ among themselves by the symme-
try that forbids the couplings between neutrinos and the scalar which gets an
electroweak vev. The cases studied here span a discrete Z2 and a global U(1)
symmetries.
The bounds considered come from both theory and experiment. The require-
ment that the theory is unitary and perturbative at tree-level strongly constrains
the scalar mass spectrum of these models, either with the presence of very light
neutral scalars, in the Z2 model, or with a degeneracy between the scalar and
pseudoscalar particles, in the global U(1) scenario.
If there is no additional particle content, the Z2 symmetry model was found
to be in severe tension with the electroweak precision tests, due to the presence
of a very light neutral scalar, which generates a large negative contribution to the
S parameter. There is still a region of the parameter space that is barely allowed
by EWPT at the edge of the 3σ level, but it suffers from a fragile stability or
it saturates the perturbativity conditions. Thus, to really evaluate the viability
of that region, radiative corrections should be taken into account. The inclusion
of a Majorana mass term for the right handed neutrinos, providing a low scale
realization of the seesaw type I mechanism, does not save the model, as the right
handed neutrino contribution to the S parameter is always negligible. There-
fore, we conclude that the neutrinophilic 2HDM with a spontaneously broken Z2
symmetry is strongly disfavored by data.
The analysis of the model with an explicit broken global U(1) symmetry re-
veals a region of the parameter space which is allowed by all bounds considered.
Due to the set of constraints and the symmetries of the model itself, the spec-
trum is quite constrained. The U(1) symmetry predicts that the neutrinophilic
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scalar is degenerate in mass with the pseudoscalar, mh = mA. Besides, the
electroweak precision tests play a very important role, specially the T parame-
ter which is sensitive to the absolute mass splitting of the pseudoscalar and the
charged scalars, limiting it to be at most ∼ 80 GeV. Therefore, an important con-
sequence of the theoretical and experimental constraints is that, if the new scalars
are above ∼ 400 GeV, all these particles should have similar masses. Moreover,
the Z invisible width can be sensitive to the region v2 < O(eV) provided that
mh < mH/2. Besides, the H → γγ branching fraction might be modified by
about −30% ∼ 30% for mH± < 200 GeV, while for heavier H±, above 500 GeV,
it could be between −5% ∼ 0%. Finally, we stress that this model can be well
within the reach of LHC 13 TeV, by probing the H → γγ branching fraction of
by direct pair production of the charged scalars, if they are below O(300 GeV).
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Figure 5.3: Neutrinophilic 2HDM with softly broken global U(1) symmetry. The
blue, green and red points are allowed by EWPT at 1σ, 2σ, and 3σ, respectively,
while the gray points are ruled out at 3σ. Top left: parameter space in the plane
mh × mH± which satisfy perturbative unitarity and stability constraints. Top
right: projection of these points in the S× T plane. Bottom left: H → γγ signal
strength as a function of mH± . Bottom right: region in the mh× v2 plane that is
excluded by the Z invisible width (orange points).
Summary
The main goal of this thesis was studying the phenomenology of the sterile neu-
trinos. To do this, we used the data of various neutrino oscillation experiments
to probe different models which contained sterile neutrinos and found constraints
on the parameters of these models.
In the first chapter of this thesis we briefly reviewed the framework of neutrino
oscillations. In Section 1.1 we introduced the standard picture of 3-neutrinos.
Then in Section 1.2 we explained the experimental anomalies which led to the
sterile neutrino hypothesis, and the simplest 3 + 1 scenario which explains these
anomalies. The neutrino experiments and neutrinos in cosmology were also
briefed in Sections 1.3 and 1.4, respectively.
Chapter 2 was devoted to the study of the light sterile neutrinos with ∆m241 ∼
(10−3−10−1) eV2, using the data of the medium baseline reactor experiments. We
reproduced the results of these experiments in the 3ν framework in Section 2.2.
We showed that our results are in a good agreement with the results of the col-
laborations. Then we performed the 3 + 1 analysis, first for the Double Chooz
experiment and then combining Double Chooz, RENO and Daya Bay. The Dou-
ble Chooz experiment which consists of only a far detector provides the energy
distribution of events, while the other 2 experiments only provide the informa-
tion in total number of events. We showed that a discrepancy in the energy of
the Double Chooz experiment leads to a better fit in the (3 + 1)light than the 3ν
framework, in a way that these best-fit values were obtained: sin2 2θ13 = 0.036,
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sin2 2θ14 = 0.129 and ∆m
2
41 = 0.027 eV
2. Also, the 3ν framework was excluded
at ∼ 2.2σ C.L.. We found that for the case of the Double Chooz experiment, the
best-fit value of θ13 angle is significantly different than the reported value in the
experiment, and θ13 = 0 is allowed in less than 1σ C.L.. We showed these results
in Section 2.4.1.
After combining the results of Double Chooz with the rate information of
RENO and Daya Bay, we found these best fit values: sin2 2θ13 = 0.074, sin
2 2θ14 =
0.059 and ∆m241 = 0.027 eV
2 . With the combined data the (3 + 1)light model
was favored at ∼ 1.2σ C.L.. The value of θ13 angle also became close to the
reported value in the 3ν framework and so the robustness of the determination of
θ13 was claimed. Despite the preference for the (3 + 1)light model, a large part of
the parameter space of this model was excluded in our analysis, better than the
constraints from the other analyses by a factor of 2. We presented these results
in Section 2.4.2.
In Chapter 3 we studied the models with Large Extra Dimensions (LED)
which were primarily introduced to explain the hierarchy problem in the Higgs
sector, but can also explain the smallness of neutrino masses. In this model
the Kaluza-Klein modes appear as towers of the sterile neutrino states on the
brane. We studied the phenomenological consequences of this picture for the high
energy atmospheric neutrinos. The existence of these KK modes can change the
oscillation probability of neutrinos. In Section 3.3 we calculated the probabilities
in the LED model in the presence of the matter effects of the earth. To understand
and interpret the results of this work, we studied with details the KK modes
in the LED model and found an equivalence between the LED model and a
(3 + n) scenario consisting of 3 active and n extra sterile neutrino states. This
equivalence provided us a clear and intuitive picture of the oscillation pattern of
the atmospheric neutrinos in the LED model and was used to explain the features
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obtained by the numerical calculations. We did this in Section 3.4.
We used the high energy atmospheric data of the IceCube experiment to per-
form an analysis on the LED model in Section 3.5. We obtained the limits on
the LED parameters (especially the radius of extra dimension RED) by analyzing
the zenith distributions of IC-40 and IC-79 data. For mD1 . 0.1 eV the upper
limit RED ≤ 4 × 10−5 cm (at 2σ level) have been set by the IceCube data and
is independent of the value of mD1 . For m
D
1 & 0.1 eV the limit depends on the
value of mD1 and is stronger: RED . 3× 10−6(eV/mD1 ) cm. We also discussed the
prospect of improving the bounds by taking into account the energy distribution
of the muon-track events in the IceCube. We showed that with a sample of data
three times larger than the IC-79 data set, it would be possible to exclude the 2σ
preferred region by the reactor and gallium anomalies.
Although most of the anomalies seen in the neutrino sector are in favor of the
sterile models with the mass squared difference ∆m241 ∼ 1 eV2, there are con-
flicts between the sterile hypothesis and cosmology, since the light sterile states
thermalize in the early universe through their mixing with the active neutrinos,
while the Planck results ∆Neff < 0.7 with 90% C.L. [121]. This problem could
be solved if the sterile states have interactions with a light extra gauge boson
with mass MX ∼ a few MeV. We studied in Chapter 4 the secret interaction (SI)
of the sterile neutrinos. The SI model can change the oscillation probability of
neutrinos drastically. We studied the probability in the SI model in Section 4.2.
Using the data of the MINOS long-baseline experiment, we showed in Section 4.3
that values above α = 92.4 are excluded at 2σ C.L., which means it is unlikely
the sterile neutrinos can have very huge field strength with the new gauge boson.
We also constrained the mass of the light gauge boson using the MINOS neutrino
experiments. We showed that MX . 10− 24 MeV is excluded with 2σ C.L..
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In Chapter 5 we studied the smallness of neutrino masses using the neu-
trinophilic 2 Higgs doublet models (2HDM). In such models, the vacuum expec-
tation value (vev) of the first Higgs doublet is responsible for the masses of the
particles in the SM, while the second Higgs doublet is the sole responsible for the
masses of neutrinos through its small vev. We introduced 2 specific symmetries
which prevent the neutrinos to couple to the first Higgs Doublet: the model with
Z2 symmetry (Section 5.2.1) and the model with a softly broken U(1) symmetry
(Section 5.2.2). We studied the theoretical and experimental Electroweak data
which constrain the neutrinophilic 2HDMs in Section 5.3.
We found that if there is no additional particle content, the model with Z2
symmetry will be in severe tension with the electroweak precision tests due to
a very light h scalar. Therefore, the neutrinophilic 2HDM with a spontaneously
broken Z2 symmetry is strongly disfavored by data. The analysis of the model
with global U(1) symmetry reveals a region of the parameter space which is
allowed by all bounds considered, however this parameter space is considerably
constrained by current data. Particularly, the mass of the new charged scalar has
to be similar to the mass of the new neutral scalars.
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